IRMS (Isotope Ratio Mass Spectrometry) and ICP-MS (Inductively Coupled Plasma Mass Spectrometry) for the traceability and

characterisation of premium products by Bontempo, L.
  
 
 
 UNIVERSITÀ DEGLI STUDI DI UDINE 
 
 
 
CORSO DI DOTTORATO DI RICERCA IN SCIENZE DEGLI ALIMENTI 
CICLO XXIII 
 
 
 
TESI DI DOTTORATO DI RICERCA 
 
IRMS (Isotope Ratio Mass Spectrometry) and ICP-MS (Inductively 
Coupled Plasma Mass Spectrometry) for the traceability and 
characterisation of premium products 
 
 
 
 
 
Dottorando: Dott. Luana Bontempo 
 
 
 
 
Tutor: Dott. Lara Manzocco 
 
 
 
Co-tutors: Dott. Federica Camin 
          Dott. Roberto Larcher 
 
 
 
 
 
 
ANNO ACCADEMICO 
2010/2011 
  
 
 
 UNIVERSITÀ DEGLI STUDI DI UDINE 
 
 
 
CORSO DI DOTTORATO DI RICERCA IN SCIENZE DEGLI ALIMENTI 
CICLO XXIII 
 
 
 
TESI DI DOTTORATO DI RICERCA 
 
IRMS (Isotope Ratio Mass Spectrometry) and ICP-MS (Inductively 
Coupled Plasma Mass Spectrometry) for the traceability and 
characterisation of premium products 
 
 
 
 
 
Dottorando: Dott. Luana Bontempo 
 
 
 
 
Tutor: Dott. Lara Manzocco 
 
 
 
Co-tutors: Dott. Federica Camin 
          Dott. Roberto Larcher 
 
 
 
 
 
 
ANNO ACCADEMICO 
2010/2011 
 ACKNOWLEDGEMENTS 
 
 
 
I would like to thank the following people for their direct or indirect contribution to this 
thesis: 
 
My supervisors at IASMA – Fondazione Edmund Mach and at the University of Udine, 
Federica Camin, Roberto Larcher and Lara Manzocco. 
 
Giorgio Nicolini (IASMA – Fondazione Edmund Mach) and Andreas Rossmann (Isolab 
GmbH) for their helpful reviews. 
 
All my colleagues at IASMA – Fondazione Edmund Mach who contributed to a productive 
and enjoyable working environment.  
 
The Italian Ministry of Agricultural, Food and Forestry Policy and the Provincia Autonoma 
di Trento for partially funding this research. 
 
This thesis is dedicated to my family and in particular to my husband, Luca, and my 
daughter, Lara. I thank them for their patience and support. 
 
 
Contents 
I 
CONTENTS 
Contents 
Tables and Figures 
Glossary 
Abstract 
CHAPTER 1          INTRODUCTION 
 
I 
III 
IV 
VII 
1.1 Food authenticity 1 
1.1.1 General considerations 1 
1.1.2 EU Legislation 2 
1.1.3 Current perspective 3 
1.2 Stable isotopes and elemental composition 4 
1.2.1 Definition of stable isotopes 4 
1.2.2 Natural variation in stable isotope abundance 5 
1.2.3 Natural variation in elemental composition 18 
1.2.4 Stable isotopes and elemental composition in food authentication 21 
1.3 References 24 
CHAPTER 2          AIMS AND OUTLINE OF THE THESIS  
2.1 Aims of the thesis 31 
2.2 Outline of the thesis 32 
CHAPTER 3          IRMS AND ICP-MS METHODS   
3.1 Preparation of the samples 35 
3.2 Isotope Ratio Mass Spectrometry method 35 
3.3 Inductively Coupled Plasma Mass Spectrometry method 38 
CHAPTER 4          OLIVE OILS AND RELATED PRODUCTS 
 
4.1 Introduction 41 
4.2 Stable isotope ratios and elemental composition of olive oils 43 
4.3 Characterisation of authentic Italian extra virgin olive oils by stable isotope 
ratios of C, O and H and mineral composition 
45 
4.4 Coast and year effect on H, O and C stable isotope ratios of Tyrrhenian and 
Adriatic Italian olive oils 
57 
4.5 Isotopic and elemental data for tracing the origin of European olive oils 65 
4.6 Stable isotope ratios of carbon and hydrogen to distinguish olive oil from shark 
squalene-squalane 
77 
4.7 References 87 
   
Contents 
 
II 
CHAPTER 5          CHEESES 
 
5.1 Introduction 89 
5.2 Stable isotope ratios and elemental composition of cheeses 89 
5.3 Elemental and isotopic characterisation of typical Italian alpine cheeses 91 
5.4 References 112 
CHAPTER 6          TOMATOES AND DERIVATIVES 
 
6.1 Introduction 113 
6.2 Stable isotope ratios and elemental composition of tomatoes 115 
6.3 Traceability along the production chain of Italian tomato products on the basis 
of stable isotopes and mineral composition 
119 
6.4 References 143 
CHAPTER 7          CONCLUSIONS  145 
Overview of completed training activities 
148 
Curriculum vitae 
149 
Tables and Figures 
III 
TABLES 
 
 
Table Title Page 
1 Mean natural abundance of some stable isotopes and relative 
international reference standards 
4 
2 Processes in nitrogen cycle that due to an isotopic fractionation 10 
3 Summary of the relevant literature relating to the use of multi-element 
and multi-isotopic analysis of food commodities to determine the 
geographical origin 
22 
4 Masses measured using IRMS to determine stable isotope ratios 37 
5 ICP-MS instrumental parameters optimised before analysis 39 
6 Concentration levels of the standard solutions used for the ICP-MS 
calibration 
40 
 
 
 
FIGURES 
 
 
Figure Title Page 
1 Scale of qualitative isotopic composition of carbon in some natural 
substances 
6 
2 Synthesis of carbohydrate by the Calvin (C3) cycle 7 
3 The Hatch-Slack pathway of C4 photosynthesis 8 
4 Isotopic fractionation of vapour mass in relation to temperature 12 
5 Distribution of mean δ18O values for precipitation in 1992 and 1993 13 
6 Evaporation/condensation model with typical delta values for 
atmospheric water masses 
14 
7 34S isotope variation ranges of sulphur pools 17 
8 IRMS diagram 36 
9 ICP-MS diagram 39 
Glossary 
IV 
GLOSSARY 
 
Non-technical  
AOAC Association of Official Analytical Chemists 
BSE Bovine Spongiform Encephalopathy 
CAP Common Agricultural Policy 
EC European Commission 
EEC European Economic Community 
EU European Union 
FAO Food and Agriculture Organisation 
IAEA International Atomic Energy Association 
IPM Integrated Pest Management 
ISMEA Indicatori del Sistema Agroalimentare Italiano 
PDO Protected Designations of Origin 
PGI Protected Geographical Indication 
TSG Traditional Speciality Guaranteed 
 
 
Technical  
AIR AIR - atmospheric air used as an international standard for 
which the 15N/14N ratio is precisely known and is defined as 0 
‰ on the δ15N‰ scale. 
AMF Arbuscular Mycorrhizal Fungi 
ATP Adenosine Triphosphate 
13C/12C The ratio of the isotope of carbon with atomic mass 13 to the 
isotope of carbon with atomic mass 12 
δ13C‰ "Delta carbon-13 per mil".  The 13C/12C ratio expressed relative 
to the international standard Vienna-Pee Dee Belemnite. 
Glossary 
V 
CAM Crassulacean acid metabolism 
CDT Canyon Diablo Troilite - FeS from a meteorite natural sulphur 
deposit used as an international standard for which the 34S/32S 
ratio is precisely known and is defined as 0 ‰ on the δ34S‰ 
scale, now exhausted and replaced by V-CDT defined by IAEA 
AgS S-1 silver sulfide 
CEC Cation Exchange Capacity 
D/H The ratio of the isotope of hydrogen with atomic mass 2 
(deuterium) to the isotope of hydrogen with atomic mass 1 
δD‰ "Delta deuterium per mil".  The D/H ratio expressed relative to 
the international standard Vienna-Standard Mean Ocean Water. 
EA Elemental Analyser 
ICP-MS Inductively Coupled Plasma Mass Spectrometry 
IRMS Isotope Ratio Mass Spectrometry 
GC Gas Chromatography 
GMWL Global Meteoric Water Line 
KIE Kinetic Isotope Effect 
LMWL Local Meteoric Water Lines 
15N/14N The ratio of the isotope of nitrogen with atomic mass 15 to the 
isotope of nitrogen with atomic mass 14. 
δ15N‰ "Delta nitrogen-15 per mil".  The 15N/14N ratio expressed 
relative to the international standard AIR. 
NADP Nicotinamide Adenosine Diphoshate 
18O/16O The ratio of the isotope of oxygen with atomic mass 18 to the 
isotope of oxygen with atomic mass 16. 
δ18O‰ "Delta oxygen-18 per mil".  The 18O/16O ratio expressed 
relative to the international standard Vienna-Standard Mean 
Ocean Water. 
Glossary 
VI 
OOA Oxaloacetate 
ox Oxidase 
PDB Pee Dee Belemnite - Calcium carbonate used as an international 
standard for which the 13C/12C ratio is precisely known and is 
defined as 0 ‰ on the δ13C‰ scale, now exhausted and 
replaced by V-PDB 
PEP Phosphoenolpyruvate 
PGA Phosphoglycerate 
PGAL 3-Phospho-glyceraldehyde 
re Reductase 
RuDP Ribulose-1,5-diphosphate 
34S/32S The ratio of the isotope of sulphur with atomic mass 34 to the 
isotope of sulphur with atomic mass 32. 
δ34S‰ "Delta Sulphur-34 per mil". The 34S/32S ratio expressed relative 
to the international standard Vienna-Canyon Diablo Troilite 
V-SMOW Vienna-Standard Mean Ocean Water - ocean water used as an 
international standard for which the 18O/16O ratio is precisely 
known and is defined as 0 ‰ on the δ18O‰ scale 
‰ Parts per thousand (per mil) 
Abstract 
VII 
ABSTRACT 
 
 
There is an increasing demand for reliable analytical methods to verify the authenticity of 
the food we eat. First of all there is a growing enthusiasm for high quality food with a clear 
regional identity among consumers and scares such as BSE, chicken influenza and 
malpractice by some international food producers have added to public sensitivity regarding 
the validity of food origin labelling. In addition to heightened consumer awareness in the 
last few years, European Union policy on food has also been orientated towards 
safeguarding consumers. To achieve this scope the EU has on the one hand reinforced 
national control activities and on the other hand investigated new markers able to support 
food characterisation and geographical traceability, ensuring its authenticity.  
Along with elemental composition, the stable isotope ratios of bioelements such as 
hydrogen, carbon, oxygen, nitrogen and sulphur have been used for thirty years, both 
separately or jointly, in order to check the authenticity of different premium products. With 
regard to stable isotopes, this ability is based on isotopic fractionation occurring during 
physical and chemical processes, as well as along metabolic pathways. For this reason, the 
different isotopic ratios vary according to photosynthetic and nitrogen cycles, pedological 
characteristics of soils, agricultural practices and geographical origin. In contrast to stable 
isotope ratios, which mostly depend on climatic, hydrological or geographical conditions, 
elements are profoundly affected by soil geology and pedological characteristics, over and 
beyond ‘contamination’ during processing. 
Isotope ratio mass spectrometry and inductively coupled plasma mass spectrometry 
methods were developed to characterise and determine the authenticity of Italian and 
European extra virgin olive oils, olive oil squalene/squalane, Italian alpine PDO cheeses, 
Italian tomatoes and tomato derived products (juice, passata, paste).  
In particular, the δ13C and δ18O of Italian extra virgin olive oils made it possible to 
distinguish samples from North and South Italy, whereas different δD values, determined 
for the first time along with δ18Obulk, were found in oils from the Italian Adriatic and 
Tyrrhenian coasts, improving the differentiation of samples from Central Italy. The isotopic 
composition of rainfall, along with the average temperature and humidity on the two coasts, 
can explain these differences in the oils. The combination of elemental composition and 
isotopic ratios analysis extended to olive oils collected at eight European sites, allowed 
good discrimination in relation to geographical provenance. δ13C, δ18O and δD were shown 
Abstract 
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to be significantly correlated to geographical and climatic factors (e.g. latitude, distance 
from the coast, temperature), whereas elemental composition was related to the geological 
characteristics of the soil where the products were grown. Furthermore, δ13C was shown to 
be a suitable marker for identification of squalene/squalane origin. By defining δ13C 
threshold values of -27.4‰ for olive oil squalene/squalane, the addition of shark products 
can be detected starting from a minimum of 10%.  
The same analytical approaches, when applied to seven PDO Italian cheeses, made it 
possible to characterise them, and a statistical model built on the basis of the most 
significant analytical parameters obtained 94% discrimination of cheese type. Furthermore 
δ13C, determined in casein or glycerol, allowed estimation of maize uptake in animal diet, 
making it possible to verify whether the levels established in the PDO production protocols 
were observed. δ18O and δ15N were instead shown to be very useful in differentiating 
mountain products. 
Stable isotope ratios and elemental composition determined in tomatoes and tomato 
products allowed good discrimination of samples from different Italian regions. Over 95% 
of the samples were correctly reclassified into the production site in crossvalidation, in spite 
of the food processing they had undergone. The δD and δ18Obulk values of tomatoes and 
derivatives were reported for the first time in the literature.  
To conclude the models developed for the specific commodities considered can be 
proposed as suitable tools for the detection of mislabelling and consumer protection, 
demonstrating that such analytical parameters can effectively contribute towards 
distinguishing the authenticity of commercial samples, becoming a tool for checking 
compliance with the law. 
 
 
Keywords: stable isotope ratios, IRMS, elemental composition, ICP-MS, food, origin, 
traceability, authenticity. 
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CHAPTER 1 INTRODUCTION  
 
 
 
1.1 FOOD AUTHENTICITY 
 
Consumers around the world are increasingly demanding information and reassurance of 
regarding the origin and content of their food. Furthermore, food manufacturers must 
provide and confirm the authenticity and point of origin of food products and their 
components. These increased demands come amid legislative and regulatory drives 
increasing the complexity and level of regulation imposed on the food supply worldwide. 
Protecting consumer rights and preventing fraudulent or deceptive practices such as food 
adulteration are important and challenging issues facing the food industry. 
 
1.1.1 General considerations 
 
Determining the authenticity of foods means uncovering misdescription of foods not 
meeting the requirements for legally adopting a certain name, substitution with cheaper but 
similar ingredients, undeclared processes (e.g. irradiation, freezing) and/or extension of 
food using adulterants (water, starch), and incorrect origin (e.g. geographic), species or 
method of production. 
Food authenticity issues indeed fall into one of the following categories:  
(i) economic adulteration of high value foods;  
(ii) misdescription and/or mislabelling of geographical, botanical or species origin;  
(iii) non-compliance with the established legislative standards 
(iv) implementation of processing practices which are not admitted (e.g. irradiation, 
freezing). 
Nowadays, objective assessment of food authenticity has become of paramount importance, 
as consumers come into daily contact with a wide variety of foods. Globalisation indeed 
means that more and more foods are traded around the world. Traceability has thus become 
a cornerstone of the EU’s food safety policy, representing a risk-management tool which 
enables those in the food industry or the authorities to withdraw or recall products which 
have been identified as unsafe. The increasing complexity and length of the food chain, as 
well as recent food scares, have also added to public sensitivity regarding the origin of food 
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and have underlined the need for tools ensuring that foods are of a high quality and safe to 
be eaten when they reach the consumer. 
 
1.1.2 EU legislation 
 
In 1979 European controls on food labelling were introduced with Directive 112/79/EEC of 
the European Parliament. Additional controls and amendments have since been added, 
creating an array of labelling requirements.  
Over two decades, most legislation regarding food safety has been standardised in the 
European Community. Because of the high administrative costs of standardisation the 
principle of mutual recognition was used for issues which did not directly endanger 
consumers' health. European law, and in particular the “Cassis de Dijon” ruling (case 
120/78, Court of Justice of the European Communities, February 1979), now ensures that 
while standards might differ across countries, a country cannot oppose importation from 
another EU country for technical reasons (except in cases involving sanitary issues or toxic 
waste issues). 
In 2000, the original 1979 directive and its amendments were consolidated into Directive 
13/2000/EC of the European Parliament, which focuses on preventing fraudulent or 
deceptive practices and food adulteration. Directive 13/2000/EC requires detailed food 
labelling including the exact nature and characteristics of a product, enabling informed 
consumer choice. It also requires the list of ingredients to include the specific names of all 
raw materials in descending order by weight.  
The reliance on mutual recognition in order to avoid trade barriers between countries, 
together with the need to differentiate quality products from the bulk production generated 
by the Common Agricultural Policy (CAP) arrangements, has resulted in more importance 
being given to national labelling. For example, national labels of food quality in France and 
Italy have appeared more and more attractive to consumers, and therefore to producers, who 
use them to segment the market. Pressure from countries that had developed a labelling 
system, largely based on geographical indications, namely France and Italy, led to the 
definition of a EU-wide system of labelling, in what is called the ‘1992 regulation of food 
quality’. Indeed in 1992 and subsequently in 2006 (2081/92/EEC and 510/2006/EC), the 
EU Regulations on Protected Designations of Origin (PDO), Protected Geographical 
Indication (PGI) and Traditional Speciality Guaranteed (TSG) provided a set of common 
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rules across countries to register and protect geographical names used to identify food 
products and traditional production processes. These two sets of regulations are the basis of 
quality policy system of the EU because they ensure that only those products genuinely 
originating in a region can be sold as such, eliminating unfair competition and misleading 
products that may be of inferior quality or made with different components. 
Finally, the new European Union Traceability Regulation (178/2002/EC) which came into 
force in January 2005, defines ‘traceability’ as “the ability to trace and follow a food, feed, 
food-producing animal or substance intended to be, or expected to be incorporated into a 
food or feed, through all stages of production, processing and distribution”. While most 
value chains only allow tracing one step forward and one step back trace, a more detailed 
traceability system back to the seed is required, for example to ensure that products have 
not been genetically modified. 
 
1.1.3 Current Perspective 
 
In the majority of cases paper traceability and livestock tagging systems can guarantee the 
geographical origin of foods on sale in the retail market. However, increasingly widespread 
circulation of foodstuffs all over the world can ‘lead into temptation’ unscrupulous traders 
who may attribute false descriptions and incorrect origin labelling to foodstuffs. The 
prospect of high profits combined with a low risk of detection and the lack of stringent 
penalties associated with food fraud has attracted crime syndicates into illegal food trading. 
Thus, the food industry urgently needs methods screening non-targeted food samples to 
provide proof of origin and prevent deliberate or accidental undeclared admixture to food 
samples. 
Multi-element and isotopic analysis have been applied, separately or together, to a range of 
foodstuffs for about thirty years, with varying degrees of certainty in order to develop 
methods that could verify their authenticity. Application of a combination of isotopic and 
elemental compositions in order to verify the authenticity of premium regional products is 
based on evidence that these parameters are affected by various complementary factors. In 
particular stable isotope ratios mostly depend on botanical, climatic or geographical 
conditions, whereas mineral elements are deeply affected by geology and the pedological 
characteristics of soil, excluding ‘contamination’ during processing.  
Stable isotopes and elements 
4 
1.2 STABLE ISOTOPES AND ELEMENTS 
 
1.2.1 Definition of stable isotopes 
 
In bio-organic material, the main elemental constituents (H, C, N, O, S) have different 
stable isotopes (D, H; 13C, 12C; 15N, 14N; 18O, 17O, 16O; 36S, 34S, 33S, 32S), the main one 
being the lighter, as shown in Table 1, which shows their mean abundance. The natural 
isotopic composition of organic compounds shows fluctuations around these mean values 
and these variations, even if on the order of ppm, can be measured precisely and accurately 
using dedicated analytical techniques such as Isotope Ratio Mass Spectrometry (IRMS). 
Measurements are reported in δ‰ in comparison to international reference standards (Table 
1), according to the following equation: 
 
1000‰
tan
tan
⋅
−
=
dards
dardssample
R
RRδ        (1) 
 
where R is the ratio between heavier and lighter isotopes. 
 
Table 1. Mean natural abundance of some stable isotopes and relative international reference standards. 
Element Stable isotope
Mean natural 
abundance (%) International reference standard
1H 99.99
2H (D) 0.01
12C 98.89
13C 1.11
14N 99.63
15N 0.37
16O 99.76
17O 0.04
18O 0.20
32S 95.00
33S 0.76
34S 4.22
36S 0.02
V-SMOW (Vienna –Standard Mean Ocean Water)
Hydrogen V-SMOW (Vienna –Standard Mean Ocean Water)
Carbon V-PDB (Vienna-Pee Dee Belemnite)
Sulphur V-CDT (Vienna – Canyon Diablo Troilite)
Nitrogen AIR (Molecular air nitrogen)
Oxygen
 
 
Natural variation in isotopic composition is due to the different chemical-physical 
characteristics of the different isotopes of a certain element, owing to different weight and 
nuclear spin. In a chemical/biochemical reaction or in a phase transition, these differences 
Chapter 1 
5 
can both interfere with the speed of reaction (kinetic effect) and affect the energetic state of 
the system (thermodynamic effect).  
Due to the smaller weight the lighter isotopes have greater mobility and smaller bound 
strength and consequently lower activation energy (kinetic effect). 
The thermodynamic effect is due to the different free energy of isotopically different 
molecular species: heavier molecules have lower free energy, so they have greater inertia in 
reaction and tend to concentrate in the condensed phase. 
Isotopic fractionation can also be due to situations with an altered reaction equilibrium, 
such as an instantaneous change in temperature, removal of a reactant or of a reaction 
product. This kind of fractionation (of non equilibrium, such as enzymatic reactions) 
determines the enrichment of a particular isotopic species, but without pre-established rules. 
Subsequently, factors affecting the variability of the isotopic ratios investigated in this 
thesis (D/H, 13C/12C, 15N/14N, 18O/16O, 34S/32S) were broadened, in order to clarify their 
applicative capability. 
 
1.2.2 Natural variation in stable isotope abundance 
 
CARBON 
Figure 1 shows the carbon isotopic composition of some natural substances. There are 
essentially three fundamental processes in the carbon cycle involved in isotopic 
fractionation:  
- intake of carbon from the environment by organisms with 13C depletion, 
- exchange between atmosphere and hydrosphere leading to an enrichment of 13C 
(Galimov, 1985), 
- group of reactions in animal and vegetal bio-systems causing further fractionation. 
Intake of CO2 through photosynthesis is the main reaction involved in biological 
fractionation. Formation of C-C bounds is promoted if carbon atoms are lighter and more 
movable, so photosynthetic products are enriched in 12C and depleted in 13C as compared to 
atmospheric CO2 (δ13CCO2 around -8‰). Furthermore, photosynthetic products show 
different ranges of δ13C according to the kind of photosynthetic cycle (C3, C4 or CAM) 
because of the different isotopic discrimination capability of carboxylase enzymes involved 
in CO2 fixation, in addition to different CO2 concentrations in plants. 
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Figure 1. Scale of qualitative isotopic composition of carbon in some natural substances. (Galimov, 1985) 
 
 
Calvin cycle 
The main assimilation pathway of CO2 described by Calvin, called C3 because CO2 is fixed 
in intermediate products with three atoms of carbon, is characteristic of plants from cold-
temperate areas (e.g. tomatoes, potatoes, beetroot, wheat, rice, oats, barley, rye, soya bean, 
grapes, oranges and apples). Atmospheric CO2 gets into leaf’ parenchyma cells through the 
stomata and dissolves in the cytoplasm (Hatch and Slack, 1966; Smith and Epstein, 1971). 
There it binds to ribulose-1,5-diphosphate (RuDP),  producing two molecules of 
phosphoglycerate (PGA), which are subsequently reduced to phosphoglyceraldehyde 
(PGAL), the first sugar of photosynthesis (Figure 2) (Taiz and Zeiger, 1998). Five out of six 
new PGAL molecules are used to synthesise more RuDP via a series of complex reactions 
driven by ATP (not shown in Figure 2). The sixth molecule of PGAL may be used to 
synthesise glucose (usually regarded as the end product of photosynthesis) via combinations 
and rearrangements. The glucose may be subsequently used to synthesise complex 
carbohydrates such as sucrose, structural materials such as cellulose, or energy storage 
compounds such as starch and lipids (Ting, 1982). Although the initial reaction of CO2 with 
RuDP produces the overriding 13C isotope effect associated with these species, there are 
many other factors which contribute to the final δ13C‰ value of plant material, such as 
temperature, fertilisation, salinity, CO2 concentration, light intensity and photorespiration 
(O'Leary, 1981).  The interplay of all of these factors results in δ13C‰ values between         
-22‰ and -34‰ for 80% to 90% of plants which utilise the C3 pathway (Krueger and 
Reesman, 1982). 
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Figure 2. Synthesis of carbohydrate by the Calvin (C3) cycle. Each molecule of CO2 combines with one 
molecule of ribulose-1,5-diphosphate (RuDP, a five carbon sugar) to form a hypothetical unstable six carbon 
activated complex. This immediately splits into two molecules of phosphoglycerate (PGA, a C3 molecule). 
PGA is phosphorylated by ATP and then reduced by NADPre to form phosphoglyceraldehyde (PGAL, a C3 
sugar). Five out of six new PGAL molecules are used to synthesise more RuDP via a series of complex 
reactions driven by ATP (not shown here). The sixth molecule of PGAL may be used to synthesise glucose 
(adapted from Ting, 1982; O'Leary, 1988; Taiz and Zeiger, 1998). 
 
 
 
Hatch-Slack cycle 
The carboxylase enzyme responsible for carbon fixation in the Calvin cycle is also capable 
of catalysing the oxidation of RuDP with atmospheric oxygen and this process is known as 
photorespiration. In other words CO2 and O2 are both competing substrates for the 
carboxylase enzyme (Taiz and Zeiger, 1998). Consequently, the C3 mechanism will not 
operate with atmospheric concentrations of less than approximately 50 ppm. Below this 
level of concentration the plant photorespires more CO2 than it assimilates and will 
eventually die (Krueger and Reesman, 1982). However, there is another group of plants that 
can carry out photosynthesis with conditions of high temperature, intense light, low 
moisture, low CO2 and high O2 concentrations. The mechanism of carbon fixation used by 
these plants was elucidated by Hatch and Slack in the late 1960s, the C4 pathway (Hatch 
and Slack, 1970). Hatch-Slack plants are able to utilise CO2 concentrations as low as 0.1 
ppm. This is achieved by two sequential carboxylation reactions shown in Figure 3. When 
phosphoglycerate (PGA)
CHO2- 6 ATP 6 ADP
CHOH
∆δ = 29.0‰ CH2OPO3-
[C3 X 6]
O= C-O-PO3-
[C6 X 3] CHOH 1,3-diphospho-
hypothetical intermediate [C3 X 6] CH2OPO3-   glycerate 
diffusion (aq) 6 NADPre
∆δ = 0.7‰
6 NADPox
CO2
CH2OPO3-
C=O CHO 3-phospho-
ribulose-1,5- CHOH [C5 X 3} CHOH glyceraldehyde
diphosphate CHOH [C3 X 6] CH2OPO3- (PGAL)
CH2OPO3-
[C3 X 5]
5 X PGAL 1 X PGAL
for synthesis of glucose
3 ADP 3 ATP
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CO2 initially enters the leaf stomata it combines with a 3-carbon compound, 
phosphoenolpyruvate (PEP), to form oxaloacetate (OOA), a 4-carbon acid, which is the 
origin of the term C4 synonymous with the Hatch-Slack cycle. This first stage proceeds with 
a much smaller fractionation as compared to the C3 cycle, ∆δ ~ 2‰ (O’Leary, 1981). OAA 
is then rapidly reduced by NADPre to form malate (MAL, a C4 acid) or aminated to form 
aspartate (ASP, a C4 acid). These acids are transported deeper into the C4 plant leaves. The 
acids are then oxidised by NADPox to form a C3 compound and CO2. The C3 compound is 
converted to PEP, pyruvate or alanine and then to PEP by the action of ATP. The CO2 feeds 
into the Calvin cycle where it is used to synthesise glucose as in Figure 2.  
 
 
Figure 3. The Hatch-Slack pathway of C4 photosynthesis. Each molecule of CO2 combines with one molecule 
of phosphoenolpyruvate (PEP, a 3-carbon compound) to form a 4 carbon compound, oxaloacetic acid (OAA). 
OAA is then reduced by NADPre to form malate (MAL, a C4 acid) or aminated to form aspartate (ASP, a C4 
acid). The acid is then oxidised by NADPox to form a C3 compound and CO2. The C3 compound is converted 
to PEP, pyruvate or alanine (not shown here) and then to PEP by the action of ATP. The CO2 is fed into the 
Calvin cycle where it is used to synthesise glucose (adapted from Ting, 1982; O'Leary, 1988; Taiz and Zeiger, 
1998). 
 
 
It is important to note that although the C3 carboxylase enzyme shows extensive 13C isotope 
fractionation, it is not expressed in the Hatch-Slack photosynthetic pathway. This is because 
oxaloacetic ∆δ = 2.0‰
acid (OAA)
[C4]
NADPre diffusion (aq)
∆δ = 0.7‰
CO2
NADPox
malate (MAL) or
aspartate (ASP) phosphoenol-
[C4] pyruvate (PEP)
[C3]
   AMP
ATP
PEP or
[C3] pyruvate or
alanine
Calvin
NADPox CO2 C3 cycle PGAL
NADPre
[C5]
glucose
[C6]
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the pre-fixation of CO2 by carboxylation of PEP is an irreversible reaction. This results in 
relatively enriched δ13C‰ values for C4 plants between -10‰ and -14‰ (Winkler, 1984). 
Examples of C4 plants are sugar cane, corn, sorghum, millet and some types of pasture 
grasses. 
 
Crassulacean Acid Metabolism 
There is a third group of plants which utilises an adaptive modification of the basic 
photosynthetic metabolism. This carbon metabolism is characterised by the storage of high 
concentrations of organic acids during the night and is known as Crassulacean Acid 
Metabolism (CAM). This term derives from a large succulent plant family, the 
Crassulaceae, many of which use the CAM metabolism (Ting, 1982). CAM plants tend to 
be cultivated in hot and dry climates and as a general rule, have their stomata closed during 
the day and open at night. Consequently, the plant transpires and fixes CO2 at night and this 
causes a reduction in starch and other storage glucans that energise the metabolism.  
However, if the daytime temperature is relatively low, the stomata may open and the plant 
will adopt direct C3 metabolism of CO2. When daytime temperatures are high the stomata 
remain closed to prevent water loss through transpiration (Krueger and Reesman, 1982). At 
night, when temperatures drop, the stomata open and utilise C4 metabolism of CO2.  The 
organic acids are then converted back to CO2 for C3 synthesis the following day. The 
metabolism adopted by CAM plants is therefore linked to local climatic conditions and in 
extreme cases may be predominantly C3 or C4. Consequently, the δ13C‰ value of CAM 
plant material varies widely between -30‰ and -12‰ (Winkler, 1984). Pineapple, vanilla 
and cacti are the most well known plants that use this metabolism. 
 
Secondary carbon metabolism 
Further fractionation between plant components from the same primary source (even at 
specific positions within plant compounds) is a result of kinetic isotope effects (KIEs) in 
metabolic processes involving side reactions or branching (Schmidt and Kexel, 1999). As a 
result secondary metabolites such as protein and lipid show systematic deviations from their 
carbohydrate precursors. As a general rule secondary metabolites tend to be relatively 
depleted in 13C. This is most notable in lipid fractions that may differ from whole leaf 
carbon by as much as 10‰. This depletion may be caused by an isotope effect associated 
with the decarboxylation of pyruvic acid and the formation of the C2 substrate for acetyl 
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coenzyme A (DeNiro and Epstein, 1977). The repetition of this process during fatty acid 
chain construction results in alternating 13C depletions (Monson and Hayes, 1982). 
 
NITROGEN 
The natural source of nitrogen is air molecular nitrogen which contains about 0.4% of 15N. 
Through physical processes and the activity of microorganisms it is transformed into 
inorganic forms (nitrates, ammonia) and organic forms (amino acids, proteins) that are 
present and available in soil. The natural cycle of nitrogen in the environment is relatively 
complex as compared to the other bio-elements: carbon, hydrogen, oxygen and sulphur. It is 
cycled between the atmosphere, plants and microbes and occurs in a variety of reduced and 
oxidised forms (Table 2). According to the extent of each of these processes, which are 
mainly affected by the depth of soil, type of vegetation and climate, the δ15N values of soils 
can vary considerably, generally standing between -10 and +15‰. In particular water stress 
and distance from the sea lead to an enrichment of 15N in the soil (Heaton et al., 1987). 
 
 
Table 2.  Processes in nitrogen cycle that due to an isotopic fractionation 
Process Description of the process Fractionation
Natural process, either biological or abiotic, by which nitrogen 
(N2) in the atmosphere is converted into ammonia:
-          through bacteria (e.g.  through nitrogenise enzyme in 
legumes);
-          through physical processes producing high 
temperatures (e.g.  lightening, fire);
-          through human activities (e.g.  production of energy or 
fertilisers).
Assimilation Process of incorporation of nitrogenous compounds (NOx, 
NH3) by microorganisms or plants. At the beginning nitrogen 
oxides are reduced to ammonia and subsequently integrated 
within organic matter.
Assimilation favors incorporation of 14N 
compared to 15N, with a mean 
fractionation of -0.5‰ which is negligible 
in plants.
Dissimilation Metabolic reactions that use the assimilated nitrogen.
Mineralisation Transformation of organic nitrogen in soil into ammonia. ±1‰
Nitrification Biological oxidation of ammonia with oxygen into nitrite 
followed by the oxidation of these nitrites into nitrates.
-12/-29‰
Volatilisation Volatilisation reaction of ammonia as a gas from soil to 
atmosphere (very marked in alkaline soil).
+20‰
Denitrification Nitrate reduction that may ultimately produce molecular 
nitrogen.
Enrichment in 15N.
Fixation –3/+1‰ (data concerning legumes) 
(Fogel and Cifuentes, 1993)
 
 
 
In crop soils, the main factor affecting δ15N is fertilisation practices. Synthetic fertilisers, 
produced from atmospheric nitrogen using the Haber process, show δ15N values between -4 
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and +4‰ whereas organic fertilisers are enriched in 15N, ranging between +0.6 and +36.7‰ 
(manure between +10 and +25‰; Bateman et al., 2007). Thus intensive use of organic 
fertilisers, can lead to a considerable enrichment in the 15N of nitrogen compounds in soil 
(Kreitler, 1975; Bateman et al., 2007). δ15N values in plants are generally correlated to those 
of nitrates and ammonia in soils and are thus affected by the same variability factors 
described above, but also by the isotopic fractionation involved in uptake and organic 
compound assimilation processes (Werner and Schmidt, 2002). Uptake does not cause any 
substantial fractionation, whereas enzymatic reactions such as nitrate reduction or 
transamination greatly affect isotopic composition (Yoneyama et al., 1995). Leguminous 
and nitrogen-fixing plants are a particular case as they can fix nitrogen directly from the air, 
showing δ15N values around 0‰ (Yoneyama et al., 1995). 
 
OXYGEN 
The compositional variability of δ18O in meteoric water is based on cycles of its 
evaporation from oceans and subsequent condensation in terms of precipitation. The oxygen 
isotopic composition of oceanic water (from -1 to 0.7‰) (Clark and Fritz, 1997) is close to 
that of V-SMOW (0‰), the international reference standard for the measurement of δ18O 
(Table 1), although it has changed considerably during different geological eras. The 
evaporative flux of oceanic water is mainly governed by temperature, and most tropospheric 
vapour (more than 70%) originates in sub-tropical oceans. During evaporation there is an 
enrichment of the lighter isotope in vapour, calculated in a hypothetical situation of 
equilibrium as: 
δ
18O = -10.0‰ for oceans at 20°C 
δ
18O = -11.6‰ for oceans at 10°C 
which leads, according to these theoretical estimations, to the following values for 
precipitation, considering cooling of 15°C and 5°C: 
δ
18O =  1.5‰ for precipitations at 15°C  
δ
18O =  2.2‰ for precipitations at 5°C 
These calculations do not agree with the mean isotopic composition of world precipitation 
(δ18O = -4‰), proving that from an isotopical point of view evaporation and condensation 
are non-equilibrium processes (mainly determined by low humidity level, temperature, wind 
and degree of salinity). 
Stable isotopes and elements 
12 
Precipitation occurs when humidity is 100%, so isotopic fractionation is mainly due to 
temperature. Oceanic vapour from subtropical areas moves towards the poles, becoming 
cooler and condensing in the form of precipitation, becoming depleted in heavier isotopes 
that concentrate in initial rainfall (Figure 4). Consequently, latitude is a factor 
discriminating oxygen isotopic fractionation. This situation is clear in Figure 5, where it can 
be seen that 18O depletion in precipitation increases with latitude. Thus, equatorial water is 
richer in heavier isotopes than water at the poles with an intermediate situation of 
continuum according to latitude. However, in the same figure considerable deviations can 
be noted (e.g. on the east coast of South America or in the Atlantic Ocean between Mexico 
and Scandinavia), due to warm oceanic currents. In addition to the ‘latitude’ effect there is a 
‘continental’ effect due to the distance from the sea, related to the vapour masses moving 
over continents (with the increasing distance from the primary source of vapour the δ18O of 
precipitation decreases due to previous precipitation) causing precipitation along the coasts 
which is isotopically richer than that in continental areas (mean depletion of -2.8‰/1000 
km from the coast). Moreover, different altitudes inland lead to 18O depletion of around -
0.15‰ to -0.5‰ per 100 meters of height, because at higher altitude there is lighter vapour. 
Finally, deviation is also due to seasonal trends; during the summer there is 18O enrichment, 
especially inland.  
 
Figure 4. Isotopic fractionation of vapour mass in relation to temperature (Clark and Fritz, 1997) 
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Figure 5. Distribution of mean δ18O values for precipitation in 1992 and 1993 (Rozanski, 1993) 
  
 
To summarise, the factors affecting δ18O content in meteoric water are latitude, distance 
from the sea, altitude and seasonal trends. Ground water has an isotopic composition related 
to the mean annual isotopic composition of precipitation water and its δ18O depends only on 
geographical factors (altitude, latitude, distance from the sea) but not on the season. 
In plants, the isotopic composition of vegetal water is related to the water absorbed from the 
soil, so it is affected by the factors mentioned above. Furthermore, vegetal water in the leaf 
suffers an isotopic fractionation during evapotraspiration processes which are affected by 
temperature and relative humidity and which lead to an enrichment in heavier isotopes. 
Vegetal compounds derive their oxygen atoms from vegetal water but also from air CO2 
and O2 with δ18O values that are essentially constant and stand at around +40.3/+42.5‰ and 
+23.5/+23.8‰ respectively. Oxygen integration in organic compounds through metabolic 
processes causes considerable isotopic fractionation. For example, the δ18O of cellulose is 
correlated with the δ18O of leaf water, with an enrichment of around 27‰ caused by the 
isotopic fractionations occurring during exchanges between the carbonylic group and water 
(Schmidt et al., 2001; Barbour, 2007).  
 
HYDROGEN 
The 100% difference in the mass of hydrogen isotopes gives rise to markedly different 
physico-chemical properties, in particular rates of reaction. This means that physical 
processes such as evaporation, condensation and biological processes, involving enzyme 
catalysed reaction, can produce a much greater natural variation in the abundance of 
deuterium (White, 1988) as displayed in Figure 6. 
Stable isotopes and elements 
14 
Figure 6. Evaporation/condensation model with typical delta values for atmospheric water masses. The first δ-
value refers to δ18O‰ and the second (in brackets) refers to δD‰ (adapted from Yurtsever and Gat, 1981) 
 
 
The primary source of all organic hydrogen is the hydrosphere, which is depleted in 
deuterium as compared to natural waters. The variation in D in the hydrosphere follows an 
analogous pattern to the 18O variation discussed above. The relationship between oxygen 
and hydrogen isotope patterns in the hydrosphere was first characterised by Craig in 1961. 
The mean annual isotope ratios for hydrogen and oxygen in precipitation from regions as 
different as the arctic, antarctic, tropics and European and American continents all fall on 
the Global Meteoric Water Line (GMWL) (Dansgaard, 1964) defined by the following 
equation: 
 
δD‰  =  8 * δ18O  +  10                      (2) 
 
So, as for oxygen, meteoric water that has passed through the meteorological cycle of 
evaporation, condensation and precipitation ultimately makes up the groundwater and 
shows systematic geographical isotope variation (Yurtsever and Gat, 1981). Decreasing 
temperatures cause a progressive heavy-isotope depletion of precipitation when water 
vapour from oceans in equatorial regions moves to higher latitudes and altitudes (Craig, 
1961). Evaporation of water from the oceans is a fractionating process that decreases the 
concentration of the heavy isotopomers of water (HD16O, HH18O) in the clouds as 
compared to the sea. As the clouds move inland and gain altitude, further evaporation, 
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condensation and precipitation occurs decreasing the deuterium concentration. 
Consequently, ground water reflects this isotopic gradient from the coast to inland areas 
(Dansgaard, 1964).  
For land plants, a further pre-assimilation affects the isotopic composition of the water 
substrate. The hydrogen present in plant material originates from the water taken up by the 
roots (Ziegler et al., 1976). The water is transported through the plants xylem system and 
the isotopic composition of the xylem water is the same as that of water taken in by the 
roots, so water is taken into the leaves without a change in isotopic composition. 
Evapotranspiration of water through the leaf stomata enriches the remaining water with 
heavier isotopomers. This is the result of differences in the vapour pressure of the HHO and 
HDO water isotopomers, which results in the enrichment of deuterium (and 18O) in leaf 
tissue water and the depletion of deuterium (and 18O) in water vapour. Typical leaf water 
and fruit water enrichments are around 20 to 40‰. There are no apparent differences in the 
degree of enrichment of deuterium in the leaf water of plants utilising the Calvin (C3), 
Hatch-Slack (C4) or Crassulacean acid metabolism (CAM) photosynthetic pathways 
(Bricout, 1982). Therefore, it is expected that crop growing regions with relatively low 
humidity, where the rate of evaporation from the leaf is higher, will lead to plant materials 
with relatively enriched δD‰ values (Martin et al., 1986). Another factor affecting the 
extent of D enrichment in plant products growing in similar temperate climates, is the 
timing of maturation. For example, the sugar present in the fruits of the Cabernet-
Sauvignon grapevine variety is significantly enriched as compared to the Carignan variety, 
in vines grown in the same region (Martin et al., 1986). This observation is related to the 
fact that both the photosynthetic and maturation cycles of Cabernet-Sauvignon take place 
during hotter periods than in the case of the Carignan species. This ultimately affects the 
rate of evapotranspiration such that the varietal origin of agricultural products can be 
differentiated for plants grown in similar geographical locations. 
During CO2 and H2O fixation in plant photosynthesis into primary assimilates, such as 
carbohydrate, deuterium depletion results in δD‰ values of –90 to -180‰. During 
assimilation the type of photosynthetic route used by the plant (C3, C4 or CAM) affects the 
degree of fractionation observed in metabolic hydrogen (Sternberg et al., 1984). The shoots 
of different plants grown under exactly the same conditions exhibited mean metabolic δD‰ 
values of -132‰, -91‰ and -74‰ for C3, C4 and CAM species respectively (Ziegler et al., 
1976). Furthermore, relationships between the variation of δD‰ values of cellulose 
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according to δD‰ of leaf water and temperature (T) have been defined (Yapp and Epstein, 
1982a; Yapp and Epstein, 1982b): 
δD‰ cellulose  =  0.9 δD‰ leaf water  -  22‰   
δD‰ cellulose  =  5.8 T  -  134‰  
Secondary metabolites exhibit systematic shifts between different groups of plant 
components, due to biochemically induced fractionation. The δD‰ value of protein does 
not differ significantly from carbohydrate (Winkler, 1984), however other carbohydrate 
reduction products such as ethanol, cholesterol and lipids are relatively depleted in 
deuterium. The depletion in lipids can be further divided into two groups (Estep and 
Hoering, 1980). The δD‰ of triglycerdes generated by two-carbon precursors in the fatty 
acid biosynthetic pathway is approximately –30 to –60‰, whereas nonsaponifiable lipids 
synthesised via the five-carbon isoprenoid pathway are depleted by a further 80‰, resulting 
in a –110 to –140‰ depletion relative to carbohydrate. It is important to note that these last 
observations relate specifically to δD‰ measurement of carbon-bound or non-exchangeable 
hydrogen atoms in plant materials. This does not apply to the labile hydrogen attached to 
oxygen in hydroxyl moieties, which can readily exchange with water (Dunbar and Schmidt, 
1984). 
 
SULPHUR 
The exact isotopic abundance of sulphur in a chemical substance depends on its source and 
hence on the formation mechanism. 34S variation in the terrestrial environment is shown in 
Figure 7. 34S/32S ratio is thought to be fixed in our solar system, and has been since its 
formation, as demonstrated in many meteorites, which have values consistently around 
22.22‰. The bulk sulphur isotopic ratio of the Earth is very similar to this value (Thode et 
al., 1961). Sulphate reduction through biological activity strongly differentiates between the 
two isotopes, according to the kind of reducing bacteria and electron donors and the 
enzymatic reaction rate (Detmers et al., 2001). Sea water sulphate enters into many of the 
large scale oxidation reduction processes which take place in the sea and leads to a basically 
uniform δ34S value of around +21‰ for seawater (Rees et al., 1978). Sea spray, deriving 
from a well-mixed reservoir of oceanic sulphate, is one of the most important sources of 
atmospheric sulphur. On the other hand, combustion of sulphur containing fossil fuels and 
certain industrial processes involving sulphur compounds represent the main anthropogenic 
sources of primary SO2 present in the atmosphere. 
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Figure 7. 34S isotope variation ranges of sulphur pools (adapted from Winkler, 1984) 
 
 
Oxidation of H2S deriving mainly from natural processes (volcanic eruptions and forest 
fires) may produce secondary SO2 (Saunders and Wood, 1973). The δ34S values of 
anthropogenic emissions generally show a wide range depending on the nature of the source 
(e.g. coal – from -35 to +30‰, petroleum natural gas – from -20 to +30‰; Nielsen, 1978). 
Biogenic sulphur is another important atmospheric sulphur source and when released from 
soils and wetlands is characteristically depleted in 34S (Wadleigh and Blake, 1999; Mast et 
al., 2001).  
Bacteria metabolise the oxygen in sulphate to oxidise organic material in a similar way with 
denitrification, thus producing isotopically light hydrogen sulphide (Schidlowski, 1982). 
The majority of this light H2S is then incorporated into sedimentary sulphide. This 
reduction is associated with a number of KIEs that produce fractionation of -30 to -40‰. 
The δ34S‰ values of sulphides are therefore relatively depleted as compared to their marine 
sulphate source material at ~20‰. Although reactions of assimilatory sulphate reduction by 
plants and kinetic S-isotope effects on them must be identical to those of bacterial 
dissimilatory sulphate reduction, the S-isotope fractionations in plants are far smaller (Tanz 
and Schmidt, 2010). Bulk plant sulphur is depleted by only 1-2‰ in relation to its primary 
sources, soil and sea spray sulphate or SO2 from the atmosphere. From plant material the 
δ
34S signal is transferred to animals and not essentially altered in food chains. Hence, at first 
glance plant assimilatory sulphate reduction, the provision of “organic sulphur” from 
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sulphate, and sulphur metabolism in animals seem to proceed without significant sulphur 
isotope fractionation. The δ34S values of animal samples basically reflect diet, but show 
some 34S enrichment in relation to this, depending on the animals’ state of nutrition, trophic 
level, and individual tissue (Tanz and Schmidt, 2010).  
 
1.2.3 Natural variation in elemental composition 
 
The composition of plants reflects the bio-available and mobilised nutrients present in the 
underlying soils in which they were grown. Elemental availability depends on several 
factors, such as soil pH, humidity, porosity, clay and humic complex (Kim and Thornton, 
1993). Consequently, the range of soils present and bioavailability mean that elemental 
composition may provide unique markers in food, characterising geographical origin. With 
regard to manufactured foodstuffs, ‘contamination’ and changes during processing also play 
a role in the final elemental composition (Nicolini et al., 2004). 
 
The primary factors affecting the mobility and availability of each mineral element in soil 
are: 
- the characteristics of the specific element (radius, charge, oxidation state, free or 
combined form) and its interaction with other elements; 
-  soil characteristics (pH, Eh, cation exchange capacity - CEC, quantity of organic 
matter);  
- presence of microorganisms and plants;  
- climatic conditions that can influence pedogenetic processes.  
Ion mobility is strictly related to ionic potential, which is the ratio of electric charge to the 
radius of the ion. This proportion measures the charge density at the surface of the ion and 
thus its ability to bind water molecules in a solution (Kabata-Pendias, 2001; Violante, 
2002). On the basis of ionic potential it is possible to identify three classes of ions: those 
with a potential lower than 30 and higher than 95, which are soluble as free ions (e.g. K+, 
Na+, Ca2+, Fe2+, Mg2+) and oxyanions respectively, and those with a potential of between 30 
and 95, which tend to precipitate as hydroxides (e.g. Fe3+, Al3+) (Kabata-Pendias, 2001; 
Violante, 2002). Ionic mobility can also vary as a result of processes such as ionic 
exchange, immobilisation in secondary mineral stones and intake by plants. 
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One of the soil characteristics that most affects the cycle of elements in soil is CEC. This 
complex is made up of charged material, which may or may not be dependent on pH (e.g. 
clays, humic matter, colloidal substances), and oxides/hydroxides whose structural elements 
can be replaced by other elements with a similar encumbrance. The extent of CEC suggests 
the absorption capacity (defined as the temporary retention of ions on a solid surface) of a 
soil. 
pH is another very important factor in determining the chemical and physical characteristics 
of soil because in addition to microbial activity, it also affects the charge of clay, 
complexation of organic substances, precipitation, dissolution, redox reactions and the 
dispersion and mobility of colloids (Adriano, 2001). In particular, an acidic environment 
causes a decrease in bacterial population and their activities and a slowdown in the 
mineralisation of organic matter. In general the ability of soil to retain mineral elements 
increases as pH increases, because several elements (such as Fe, Mn, Cu, Al, Zn) are less 
mobile and soluble in basic environments. Other elements, such as Mo, form oxyanions and 
are more available in alkaline conditions. 
Together with pH, redox potential affects the mobility of polyvalent ions because some 
elements, such as Fe or Mn, are more soluble in reduced form, whereas other elements, 
such as Cd or Cu, are more soluble when are oxidised (Violante, 2002; Adriano, 2001). 
In vivo, intake of elements by plants is affected not only by soil characteristics but also by 
the physiology of the different species, by reactions taking place in the rhizosphere 
(desorption, adsorption, precipitation, dissolution) and by interactions between elements 
and microorganisms (Kabata-Pendias, 2001; Basta et al., 2005). 
The rhizosphere is the narrow region of soil that is directly influenced by root secretions 
and associated soil microorganisms (Gregory, 2006). The rhizosphere contains many 
bacteria that feed on sloughed-off plant cells and the proteins and sugars released by roots 
(Lynch and Whipps, 1990). This release of exudates can affect the availability of elements 
because root exudation increases in stressful situations and in the event of food shortage 
(Rengel, 1997; Neumann and Römheld, 2002; Gregory, 2006). Exudates contain substances 
with chelation or complexant characteristics that can create stable complexes with elements 
of the insoluble mineral phase, making them re-absorbable by roots (Jones, 1998; Gregory, 
2006; Jimenez et al., 2007). 
Elements enter plants mainly through the roots but also via leaves. This last pathway can 
affect plant mineral composition in the event of sources of ‘contamination’ in the crop-
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growing environment (e.g. foundries, mines, polluted areas) or in the case of leaf 
treatments. 
The entry of elements via the roots may happen according to or against the gradient and by 
diffusion or using carriers and proteic channels. However, at all events the absorption of 
elements is related to their chemical and physical characteristics and not to their biological 
role. Therefore, an element such as Rb without a biological role in the plant may be 
absorbed as Rb+ instead of K+ because of their similar physical-chemical characteristics. 
Intake is also affected by the existence of interaction between ions in solution and by a 
different affinity towards carriers: for example K+, Rb+ and Cs+ or SO42- and SeO42- are in 
competition with each other, Ca2+ decreases absorption of Mg2+ and promotes intake of K+ 
(Marschner, 1986; Kabata-Pendias, 2001). 
In the roots elements are complexed to ligands with a low molecular weight or are 
incorporated in metabolites in order to allow transport to aerial parts. During transport ions 
may be subjected to interaction with other ions or with the negatively charged xylematic 
wall or may be re-absorbed by xylematic parenchyma. These processes are affected by ion 
charge and concentration, the presence of other ions or complexing agents, diameter and the 
charge density of the xylematic vessels. Different elements can be accumulated in different 
organs of the plant depending on element concentration and plant species. 
Finally climate, particularly temperature, humidity and photoperiod, also affects absorption 
capability, because it is decisive in the development of the roots and determines the degree 
of evapotraspiration. 
The elemental composition of plants shows extensive variability due to all the factors 
described above, thus different compositions are reported for different vegetal species 
grown on the same soil (Wyttenbach, 1998) but also for plants of the same species grown in 
different conditions (Miyasaka and Grunes, 1997). 
 
Elemental composition in food and feed depends not only on the natural content but also on 
the conditions in which they are produced and processed (Anastasio et al., 2006; Castineira 
Gomez et al., 2004; Mihucz et al., 2006; Tatár et al., 2007). Metals and alloys are used as 
food contact materials, mainly in processing equipment, containers and household utensils, 
but also in foils for wrapping foodstuffs. They play a role as a safety barrier between the 
food and the exterior. They are often covered by a surface coating, which reduces migration 
in foodstuffs. When they are not covered, these food contact materials can give rise to the 
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migration of metal ions into foodstuffs and may therefore endanger human health if the total 
metal content exceeds the recommended health exposure limits, if any, or bring about an 
unacceptable changes in the composition of foodstuffs or deterioration in their organoleptic 
characteristics (Council of Europe, http://www.coe.int). In the presence of moisture and 
oxygen, metal may experience corrosion, the rate and extent of this depending on the 
composition of the aqueous medium (mainly the presence of acids or salts), the solubility of 
the formed compounds in the medium and their rate of removal. 
The release of elements from packaging to food, in particular heavy metals, may take place 
as the result of a series of diffusion processes subject to both thermodynamic and kinetic 
control. In particular, Cd, Pb, Ni, Sb, Sn, As, Ba, Cr, Hg and Se may be released from 
plastic articles or paper for packaging from inorganic additives as pigments, antioxidants or 
stabilisers (Conti, 2008). 
 
1.2.4 Stable isotopes and elemental composition in food authentication  
 
Stable isotope and multi-element analysis, measured using Isotope Ratio Mass 
Spectrometry (IRMS) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), have 
taken on increasing importance in determining the authenticity of fruits, vegetable and food 
of animal origin for producers and food controls. The relevant literature is summarised in 
Table 3, which shows the various commodity groups investigated, the parameters measured 
and the corresponding references.  
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Table 3. Summary of the relevant literature relating to the use of multi-element and multi-isotopic analysis of 
food commodities to determine the geographical origin (adapted from Kelly et al., 2005 and Gonzalvez et al., 
2009) 
 
Commodity Parameters measured Reference
Meat
Beef 18O/16O Hegerding et al., 2002
Beef D/H, 13C/12C, 15N/14N, 34S/32S Boner and Forstel, 2004
Beef D/H, 13C/12C, 15N/14N Renou et al., 2004a
Beef 13C/12C, 15N/14N Bahar et al., 2005
Beef 13C/12C, 15N/14N, 34S/32S Schmidt et al., 2005
Beef 13C/12C, 15N/14N, 34S/32S Bahar et al., 2008
Beef D/H, 13C/12C, 15N/14N, 18O/16O, ME Heaton et al., 2008
Beef 13C/12C, 15N/14N, 18O/16O Nakashita et al., 2008
Beef D/H, 18O/16O Horacek et al., 2010
Beef 13C/12C, 15N/14N Guo et al., 2010
Lamb 13C/12C, 15N/14N Piasentier et al., 2003
Lamb 13C/12C, 15N/14N, ME Sacco et al., 2005
Lamb D/H, 13C/12C, 15N/14N, 34S/32S Camin et al., 2007
Lamb 13C/12C, 15N/14N Moreno-Rojas et al., 2008
Lamb D/H, 13C/12C, 15N/14N, 18O/16O, 34S/32S Perini et al., 2009
Poultry and beef 18O/16O, ME Franke et al., 2008
Dairy products
Butter 13C/12C, 15N/14N, 18O/16O, 34S/32S Rossmann et al., 2000
Butter 13C/12C, 15N/14N, 18O/16O, 34S/32S Balling and Rossmann, 2004
Cheese 13C/12C, 15N/14N Manca et al., 2001
Cheese D/H, 13C/12C, 15N/14N, 34S/32S, ME Pillonel et al., 2003
Cheese 13C/12C, 15N/14N, 18O/16O, 34S/32S Camin et al., 2004
Cheese D/H, 13C/12C, 15N/14N, 34S/32S Pillonel et al., 2004
Cheese D/H, 13C/12C, 15N/14N, 18O/16O, 34S/32S Manca et al., 2006
Milk 13C/12C, 15N/14N, 18O/16O Kornexl et al., 1997
Milk 13C/12C, 15N/14N, 18O/16O, 34S/32S Rossmann et al., 1998
Milk 13C/12C, 15N/14N, ME Brescia et al., 2003
Milk 18O/16O Renou et al., 2004b
Milk 18O/16O Ritz et al., 2005
Milk 13C/12C, 15N/14N, 18O/16O, 34S/32S Crittenden et al., 2007
Milk 18O/16O Engel et al., 2007
Milk 13C/12C, 15N/14N, 34S/32S Molkentin and Giesemann, 2007
Milk ME Benincasa et al., 2008
Milk 13C/12C, 15N/14N, 18O/16O, D/H Camin et al., 2008
Milk 13C/12C Molkentin, 2009
Milk 13C/12C, 15N/14N, ME Sacco et al., 2009
Milk D/H, 18O/16O Chesson et al., 2010
Milk 13C/12C, 15N/14N, 34S/32S Molkentin and Giesemann, 2010
Milk and Cheese 13C/12C, 15N/14N, ME Brescia et al., 2005
Wine
Wine 13C/12C, 18O/16O Breas et al., 1994
Wine ME Baxter et al., 1997
Wine ME Jakubowski et al., 1999
Wine 13C/12C, 18O/16O Rossmann et al., 1999
Wine 13C/12C, 18O/16O Kosĭr et al., 2001
Wine 13C/12C, 18O/16O Ogrinc et al., 2001
Wine 13C/12C, 18O/16O Cristoph et al., 2003
Wine 13C/12C, 18O/16O Cristoph et al., 2004
Wine D/H, 18O/16O, ME Gremaud et al., 2004
Wine ME Coetzee et al., 2005
Wine ME Angus et al., 2006
Wine ME Galgano et al., 2008
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Table 3. (cont.) 
 
Commodity Parameters measured Reference
Fruits and Vegetables
Pistachios ME Anderson et al., 2005
Potatoes ME Di Giacomo et al., 2007
Strawberries, blueberries, pears 13C/12C, 15N/14N, ME Perez et al., 2006
Welsh onions ME Ariyama et al., 2004
Welsh onions, onions, black soybeans D/H, 13C/12C, 15N/14N, 18O/16O Horita et al., 2008
Beverages
Coffee D/H, 13C/12C, 15N/14N Weckerle et al., 2002
Orange juice 13C/12C Simpkins et al., 2000a
Orange juice ME Simpkins et al., 2000b
Orange juice D/H, 13C/12C, 15N/14N, 34S/32S Rummel et al., 2010
Tea ME Marcos et al., 1998
Tea ME Moreda-Pineiro et al., 2001
Tea ME Moreda-Pineiro et al., 2003
Tea D/H, 13C/12C, 15N/14N, ME Pilgrim et al., 2010
Cereal crops
Cereals 13C/12C, 15N/14N, 18O/16O, 34S/32S, ME Goitom-Asfaha et al., in print
Rice ME Yasui and Shindoh, 2000
Rice 13C/12C, 18O/16O, ME Kelly et al., 2002
Rice ME Oda et al., 2002
Soybean ME Kosaka et al., 2006
Wheat 13C/12C, 15N/14N Brescia et al., 2002a
Wheat 13C/12C, 15N/14N, ME Brescia et al., 2002b
Other commodities
Hazelnuts ME Oddone et al., 2009
Honey Review Anklam, 1998
Honey D/H, 13C/12C, 15N/14N, 34S/32S Schellenberg et al., 2010
Vegetable oils 13C/12C, 18O/16O Breas et al., 1998
Vegetable oils 13C/12C, 18O/16O Angerosa et al., 1999
Vegetable oils ME Jimenez et al., 2003
Vegetable oils ME Jimenez et al., 2004
Vegetable oils ME Benincasa et al., 2007
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CHAPTER 2 AIMS AND OUTLINE OF THE THESIS 
 
 
2.1 AIMS OF THE THESIS 
 
The general aim of this thesis was to verify the applicability of the analysis of multielement 
stable isotope ratios using IRMS (Isotopic Ratio Mass Spectrometry) and elemental 
composition using ICP-MS (Inductively Coupled Plasma Mass Spectrometry) in food 
authenticity. In particular, analytical approaches based on these techniques were developed 
for the traceability of different premium products, such as PDO Italian and European extra 
virgin olive oils, olive oil squalene and squalane, Italian alpine cheeses, and Italian tomato 
and its derivates (juices, passata, pastes). The origin of these products must be declared by 
law, but at the moment no analytical methods exist that are capable of verifying the 
truthfulness of the assertions on labels.  
 
In detail the research focused on: 
 
− characterisation of Italian extra virgin olive oils: creation and validation of a dataset 
with isotopic values and elemental profiles; 
 
− geographical traceability of extra virgin olive oils from eight European sites: creation 
and validation of a dataset with isotopic values and elemental profiles and 
subsequently creation and validation of a statistical – mathematical model usable to 
verify the authenticity of commercial samples; 
 
− development of an analytical approach to distinguish squalene and squalane from olive 
oil from those produced using shark liver oil; 
 
− characterisation of seven Italian cheeses from alpine regions: creation and validation of 
a dataset with isotopic values and elemental profiles and subsequently creation and 
validation of a statistical – mathematical model usable to verify the authenticity of 
commercial samples; 
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− traceability of Italian tomato products along the production chain: creation and 
validation of a dataset with isotopic values and mineral profiles and subsequently 
creation and validation of a statistical – mathematical model for the whole production 
line (tomatoes, juice, passata, paste). 
 
 
2.2 OUTLINE OF THE THESIS 
 
The first introductory chapter gives an overview of the question of food authenticity and the 
provisions of EU law. Furthermore, natural variation in the stable isotopes of bio-elements 
(H, C, N, O and S) and in elemental composition is illustrated, with the potential 
implications for food authenticity control.  
In this chapter the scope and the outline of the thesis are illustrated.  
In Chapter 3 analysis of the stable isotope ratios of bioelements and of elemental 
composition is described in general for its use for the premium products considered in this 
thesis.  
Each of the subsequent three chapters is devoted to an individual commodity and to related 
publications, presenting the results obtained during the PhD thesis.  
Specifically, Chapter 4 focuses on the possibility of improving traceability of the 
geographical origin of extra virgin olive oils using stable isotope ratios and elemental 
composition. These two analytical techniques were applied to authentic Italian samples in 
Section 4.1 and to oils collected at eight European sites in Section 4.3. Section 4.2 focuses 
on the determination of stable isotope ratios in Italian olive oils produced on the Adriatic 
and Tyrrhenian coasts. In Section 4.4 δ13C and δD analysis was investigated as a possible 
tool for checking on the authenticity of commercial olive oil squalene and squalane 
samples, which may be adulterated with cheaper but illegal products from shark liver. 
The isotope ratios of alpine PDO cheeses, combined with elemental composition, were 
investigated in Chapter 5 as markers for the geographical origin of products and the feeding 
regime of animals, also with a view to use as a tool for verifying the correct application of 
PDO protocols. 
In Chapter 6 the combination of isotopic and elemental composition was investigated as a 
tool for differentiating tomatoes and derivatives (juice, passata, paste) from different Italian 
regions, regardless of the technological processes adopted. 
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Chapter 7 gives a general discussion about the traceability models obtained investigating 
stable isotope ratios and elemental composition of olive oils, cheeses, tomatoes and 
derivatives and about their future application possibilities. The last part of the chapter, on 
the one hand gives some indications on where future application of stable isotope and 
elemental analyses might be expected or are already in progress and, on the other hand 
describes the limitations of this analytical approach emerged throughout this thesis.  
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CHAPTER 3 IRMS AND ICP-MS METHODS 
 
 
3.1 PREPARATION OF THE SAMPLES 
 
Isotopic ratios and elemental analysis was performed on: 
− bulk sample for determination of δ13C, δ18O, δD, δ15N and δ34S in olive oil and tomato 
products; 
− extracted glycerol for determination of δ13C and δ18O in olive oil and cheese; 
− extracted casein for measurement of δ13C, δ15N and δ34S in cheese; 
− extraction acidified water solution for measuring the concentration of elements in olive 
oil; 
− pure squalene/squalane for measurement of δ13C and δD;  
− pure squalane in extraction solutions of cosmetic products after GC separation for 
measurement of δ13C and δD; 
− mineralised samples for determination of elemental composition in tomato products 
and cheese. 
The detailed preparation procedures are fully described in the relative chapters.  
 
 
3.2 ISOTOPE RATIO MASS SPECTROMETRY METHOD 
 
For analysis of stable isotope ratios, the sample was weighed in tin or silver capsules. The 
quantities of sample weights ranged from around 0.3 mg to 3 mg depending on the 
commodity and the isotope ratio analysed. More details on the methods are provided in the 
specific chapters. 
Analysis was carried out using an IRMS (Isotope Ratio Mass Spectrometer, Delta Plus XP 
ThermoFinnigan, Bremen, Germany) equipped with an elemental analyser (Flash EA 1112, 
ThermoFinnigan) for δ13C, δ15N and δ34S determination and a pyrolyser (FinniganTM 
TC/EA, ThermoFinnigan) for δ18O and δD measurement (Figure 8).  
In detail, for determination of δ13C, δ15N and δ34S the sample was dropped into an oxidation 
column inside the elemental analyser, where it combusted and oxidised due to the high 
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temperature, high level of oxygen and presence of CuO, with development of CO2, N2 and 
SO2.  
For measurement of δ18O and δD the sample was dropped into a high-temperature 
conversion/elemental analyser where it was subjected to high temperature pyrolisis with 
development of hydrogen and carbon monoxide gases. A high furnace temperature 
(1450°C), low instrumental H3 factor (<8, for correction of the contribution of [H3]+ to the 
m/z 3 signal) and special care in maintaining dry conditions during analysis were ensured, 
in order to obtain reproducible results. Then the weighed samples were put in the carousel 
of the autosampler and stored in a desiccator above P2O5 for at least 24 h. The carousel was 
then inserted into the autosampler, equipped with a suitable cover. During measurement, 
dryness was guaranteed by flushing nitrogen continuously over the samples. 
 
Figure 8: IRMS diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The developed gases (CO2, N2, CO, H2, SO2) were then separated in a GC column at 60°C 
and transferred from the elemental analyser or pyroliser after the separation into the ion 
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source of an IRMS by the gas carrier helium (130 mL/min). In each analytical batch, every 
ten samples, a working in-house standard was analysed and used to calculate the isotope 
ratios values of the samples (see below). 
Analysis of δ18O in vegetal water was performed directly on the fresh sample (homogenised 
tomato, juice, passata or paste) using an IRMS (VG Isogas, Middlewich, UK) with a dual-
inlet system, interfaced with a CO2 preparation system (Isoprep 18, VG Isotech, 
Middlewich, UK), according to the ENV 12141 method (Ministerial Decree 23rd September 
2005). Isoprep18 allows the equilibration of oxygen exchange between sample water and an 
ultrapure CO2 with a known oxygen isotope ratio. In the dual-inlet system the CO2 gas 
obtained from the sample was alternated rapidly with a standard CO2 (of known 18O/16O 
value) by means of a system of valves, so that a number of comparative measurements 
could be made for both gases. In each analytical batch of 24 samples, 4 working in-house 
standards were analysed and used to calculate the isotope ratio values of the samples (see 
below).  
In IRMS the gases are ionised in the ionic source and ions pointed through a semicircular 
flight tube. In the flight tube they are subjected to a constant magnetic field and, depending 
on the acceleration potential applied, only ions with specific masses can hit the electron 
multiplier detector (Table 4).  
 
Table 4. Masses measured using IRMS to determine stable isotope ratios 
Isotope Molecular specie 
determined
Mass
H H2 2
D HD 3
12C 12CO2 44
13C 13CO2 45
14N 14N2 28
15N 14N15N 29
16O C16O 28
18O C18O 30
32S 32SO2 64
34S 34SO2 66
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The isotope ratios were expressed in δ‰ versus V-PDB (Vienna – Pee Dee Belemnite) for 
δ
13C, V-SMOW (Vienna – Standard Mean Ocean Water) for δ18O and δD, Air for δ15N and 
V-CDT (Vienna – Canyon Diablo Troilite) for δ34S according to the equation (1). Sample 
analysis was carried out in duplicate thus calculating the mean values. The isotopic values 
were calculated against working in-house standards which were themselves calibrated 
against international reference materials. The specific working in-house standards and 
international reference materials used for the different commodities analysed are mentioned 
in the specific chapters, along with the detailed methods. The precision of measurements, 
expressed as a standard deviation when measuring the same sample ten times, is specified 
for each commodity in the relevant chapters.  
 
 
3.3 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY 
METHOD 
 
Before analysis the samples were mineralised in closed vessels using a microwave oven 
digestor (Mars5 or MarsXpress, CEM Matthews, NC-North Carolina, USA) in the case of 
cheese and tomato products or extracted in an acidified water solution in the case of olive 
oil. All the materials were washed with 5% HNO3 and rinsed with Milli-Q water (Millipore 
Corporation, Billerica, MA- Massachusetts, USA) before use. Details of the preparation 
methods are provided in the relative chapters. 
Analysis of Li, Be, B, Na, Mg, Al, P, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, 
Rb, Sr, Y, Nb, Mo, Ru, Ag, Cd, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, 
Tm, Yb, Lu, Ta, Re, Ir, Pt, Tl, Pb and U was carried out with an ICP-MS (Inductively 
Coupled Plasma Mass Spectrometer, Agilent 4500 or 7500ce Agilent Technologies, Tokyo, 
Japan) equipped with an ASX-520 autosampler (Cetac Technologies Inc., Omaha, NE) 
(Figure 9). The sample was aspirated and nebulised through a Babington type or 
microconcentric nebuliser (Agilent Technologies) in a quartz spray chamber and introduced 
into a Fassel type torch, where it was ionised using an Ar plasma whit a temperature range 
of between 7500 and 10000 °K. The ion beam was focused using electro-magnetic lenses 
towards a quadrupole where the ions were separated according to their mass to charge ratio. 
In the 7500ce model an Octopole Reaction System (ORS®, Agilent Technologies) was 
positioned before the quadrupole in order to remove polyatomic interferences, using He and 
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H2 as collision and reaction gases, respectively. Finally the ion beam arrived at an electron 
multiplier detector. The principal instrumental parameters (Table 5) were optimised before 
each analytical batch, monitoring the sensitivity and resolution of the elements Li, Y and Tl, 
distributed along the range of interest (masses 7, 89 and 205). 
 
Figure 9. ICP-MS diagram 
 
 
 
Table 5. ICP-MS instrumental parameters optimised before analysis 
Parameter Ranges Parameter Ranges
RF Power 1500W Octopole cell entrance voltage(when  collision/reaction cell is off) -30 / -34V
Spray chamber temperature 2°C Octopole cell entrance voltage(when  collision/reaction cell is on) -30 / -40V
Carrier gas flow 0.8 / 0.9 L/min Octopole cell exit voltage(when  collision/reaction cell is off) -30 / -34V
Make up gas flow 0.2 / 0.3 L/min Octopole cell exit voltage(when  collision/reaction cell is on) -44 / -54V
Extraction lens 1 voltage 0.0 / 1.4V Octopole QC Focus(when  collision/reaction cell is off) 3V
Extraction lens 2 voltage -160 / -120V Octopole QC Focus(when  collision/reaction cell is on) -11V
Omega bias voltage -20 / -30V Octopole bias(when  collision/reaction cell is off) -7V
Omega lens voltage -0.6 / -0.2V Octopole bias(when  collision/reaction cell is on) 18V
QP bias
(when  collision/reaction cell is off) -3.5V Cell gas flow (H2) 3.0 / 4.0 mL/min
QP bias
(when  collision/reaction cell is on) -14.5V Cell gas flow (He) 4.0 / 4.5 mL/min
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Before analysis, the ICP-MS was calibrated using external standard solutions (Table 6). To 
minimise the matrix effect, mainly due to the nebulisation system, an on-line internal 
standard solution of Sc, Rh and Tb (3 mg/L) was continuously introduced during analysis. 
 
Table 6. Concentration levels of the standard solutions used for the ICP-MS calibration 
Element Concentrations of the standard solutions Element Concentrations of the standard solutions
Li 0.05, 0.5, 5, 50 ppb Ag 0.05, 0.5, 5, 50 ppb
Be 0.05, 0.5, 5, 50 ppb Cd 0.05, 0.5, 5, 50 ppb
B 0.6, 6, 60, 600 ppb Sn 0.005, 0.05, 0.5, 5 ppb
Na 0.05, 0.1, 0.5, 5, 50 ppm Sb 0.005, 0.05, 0.5, 5 ppb
Mg 0.1, 0.5, 5, 50 ppm Te 0.005, 0.05, 0.5, 5 ppb
Al 0.5, 5, 50, 500, 1000, 5000 ppb Cs 0.05, 0.5, 5, 50 ppb
P 0.5, 5, 50, 500 ppm Ba 0.5, 1, 5, 50, 500 ppb
K 0.5, 1, 5, 50 ppm La 0.002, 0.02, 0.2, 2, 5, 20 ppb
Ca 0.5, 1, 5, 50 ppm Ce 0.002, 0.02, 0.2, 2, 5, 20 ppb
V 0.05, 0.5, 5, 50 ppb Pr 0.002, 0.02, 0.2, 2, 5, 20 ppb
Cr 0.05, 0.5, 5, 50 ppb Nd 0.002, 0.02, 0.2, 2, 5, 20 ppb
Mn 0.05, 0.5, 5, 50 ppb Sm 0.002, 0.02, 0.2, 2, 5, 20 ppb
Fe 0.5, 1, 5, 50, 500 ppb Eu 0.002, 0.02, 0.2, 2, 5, 20 ppb
Co 0.05, 0.5, 5, 50 ppb Gd 0.002, 0.02, 0.2, 2, 5, 20 ppb
Ni 0.05, 0.5, 5, 50 ppb Dy 0.002, 0.02, 0.2, 2, 5, 20 ppb
Cu 0.05, 0.5, 5, 50 ppb Ho 0.002, 0.02, 0.2, 2, 5, 20 ppb
Zn 0.05, 0.5, 5, 50 ppb Er 0.002, 0.02, 0.2, 2, 5, 20 ppb
Ga 0.05, 0.5, 5, 50 ppb Tm 0.002, 0.02, 0.2, 2, 5, 20 ppb
Ge 0.05, 0.5, 5, 50 ppb Yb 0.002, 0.02, 0.2, 2, 5, 20 ppb
As 0.05, 0.5, 5, 50 ppb Lu 0.002, 0.02, 0.2, 2, 5, 20 ppb
Se 0.05, 0.5, 5, 50 ppb Ta 0.1, 1, 10, 100 ppb
Rb 0.5, 1, 5, 50, 500 ppb Re 0.1, 1, 10, 100 ppb
Sr 0.5, 1, 5, 50, 500 ppb Ir 0.005, 0.05, 0.5, 5 ppb
Y 0.002, 0.02, 0.2, 2, 5, 20 ppb Pt 0.05, 0.5, 5, 50 ppb
Nb 0.1, 1, 10, 100 ppb Tl 0.05, 0.5, 5, 50 ppb
Mo 0.05, 0.5, 5, 50 ppb Pb 0.05, 0.5, 5, 50 ppb
Ru 0.5, 1, 5, 50 ppb U 0.05, 0.5, 5, 50 ppb
 
 
Sample preparation and analysis were carried out in duplicate. The limit of detection (LOD) 
for each element was calculated as three times the standard deviation of the signal of the 
blank samples, extracted/mineralised and analysed ten times. The specific LODs obtained 
in analysing the different commodities are detailed in the relevant chapters. 
Accuracy was checked by analysing a standard reference material in each analytical batch. 
Recovery of the elements is detailed for each commodity in the specific chapters. The 
precision of the method, evaluated by preparing and analysing a sample ten times, and 
reproducibility, evaluated by preparing and analysing a specific sample in each analytical 
batch, both calculated as RSD%, are detailed in the specific chapters.  
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CHAPTER 4 OLIVE OILS AND RELATED PRODUCTS 
 
 
4.1 INTRODUCTION  
 
European and Italian law require that the origin of some premium products, such as virgin 
and extra virgin olive oils, squalene/squalano, PDO cheeses, tomatoes and derivatives, must 
be declared on the label. This is particularly important with the growth and promotion of 
“added value” regional foods such as those produced under “Designated Origin” labels. But 
at the moment no analytical methods exist that are capable of verifying the truthfulness of 
the assertions on labels so, to achieve this aim the EU is urging to investigate new markers 
able to support food characterisation and geographical traceability assuring its genuiness.    
World olive oil production currently stands at around 2.9 million tonnes (2009 data 
provided by FAO, http://faostat.fao.org/) and the olive oil industry employs about 2.7 
million people, of whom approximately two million are ‘family producers’ living in the less 
economically favoured regions of southern Europe (http://www.oliveoiltimes.com). Indeed 
European producers on the Mediterranean basin – Greece, Spain, Portugal, Italy and France 
– supply the bulk of overall production. Thus olive oil is a fundamental part of the farmers' 
income and represents as much as 15% of the gross agricultural domestic product in 
countries such as Greece (Luchetti, 2002). Extra virgin olive oil commands a high retail 
value (2 to 4 times that of other oils) because of its organoleptic qualities and the purported 
health benefits of consuming oils high in mono-saturated fatty acids (Gurr, 1999). These 
factors and the increasing demand for olive oil have encouraged many Mediterranean 
countries to invest in olive oil production. Consequently throughout Europe there is an 
enormous range of quality olive oils. However, when a product acquires a reputation 
extending beyond national borders it can find itself in competition with products which pass 
themselves off as the genuine article and take the same name. This unfair competition not 
only discourages producers but also misleads consumers. This is why the European Union 
created the PDO and PGI systems in 1992 to promote and protect foodstuffs of particular 
quality (Regulation 2081/92/EEC subsequently replaced with Regulation 510/2006/EEC). 
Furthermore in February 2009 labelling of origin for virgin and extra virgin olive oils 
became compulsory by European law (Regulation 182/2009/EC). Nevertheless, within the 
framework of limits prescribed by European regulations there is potential for mislabelling 
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olive oil without risk of detection. Indeed, official olive oil quality control methods are 
based on maximum or minimum limits of certain chemical components, e.g. fatty acids, 
sterols, alcohols or stigmastadiene (Regulation 2568/91/EEC and amendments), and it is 
impossible to verify the real geographical origin of olive oil using these. This situation can 
influence consumers’ perception of the benefits of consuming olive oil and the current 
image of uncontrolled provenance in the olive oil market poses a considerable risk to the 
opportunity for economic growth in many Mediterranean countries. In particular, Italy has 
the highest number of PDO and PGI registered foodstuffs in Europe (N=206) and extra 
virgin olive oil is the second most important commodity, with forty recognised brands 
(Wesseler, 2010). So this commodity is very important for the Italian economy, being Italy 
the second largest producer in the world (588,000 tons in 2009, data provided by FAO, 
http://faostat.fao.org/) after Spain and the largest consumer (International Olive Oil 
Council, http://www.internationaloliveoil.org). This situation highlights the increasing 
demand for analytical methods and statistical tools capable of effectively verifying claims 
of origin. 
Mediterranean countries, which are the main producers of olive oil, are also the most 
important production areas of olive oil squalene. Squalene (C30H50) is mainly used as 
adjuvant in vaccines and, once hydrogenated to squalane (C30H56), as an emollient and 
hydrating agent in cosmetic products. Squalene is mainly produced from the liver oil of 
deep sea sharks, despite the fact that deepwater sharks have an extremely low reproductive 
rate and many are endangered species. Currently thousands of endangered deep sea sharks 
are killed each year purely to supply squalene. Environmental and ethical concerns 
regarding shark fishing have led to the extraction of squalene from vegetable sources, such 
as olive oil distillates obtained through the physical/chemical refining (de-acidification 
and/or deodorization) of lamp olive oil. However, squalene produced from olive oil offers a 
lower yield and requires longer processing times, therefore involving higher costs. This 
explains why in recent years shark squalene has been marketed at around one-third of the 
price of olive oil squalene.  
In 2006 the European Union imposed deep-sea shark fishing limits in the North-East 
Atlantic, and since 2008 some important cosmetic firms have declared that they have 
stopped using shark squalene. Furthermore, the so-called ‘Animal Testing Ban’ legislation 
(Directive 15/2003/EC) has forbidden the carrying out of any tests on animals for cosmetic 
purposes within the EU. As a consequence many countries have also prohibited the use of 
Chapter 4 
43 
raw materials of animal origin, including shark squalene/squalane, in cosmetic 
formulations.  
Up to now it has not been possible to easily differentiate the two different origins of the 
product and this has encouraged the illegal addition of shark to olive oil squalene/squalane 
or often the selling of shark products as olive oil derivates. It is therefore important to 
develop and validate innovative analytical methods able to identify their origin and the 
presence of shark squalene/squalane in olive oil based products. 
   
 
4.2 STABLE ISOTOPE RATIOS AND ELEMENTAL COMPOSITION OF 
OLIVE OILS 
 
Initial studies of the stable isotope ratios of olive oils focused on their use for detecting the 
adulteration of olive oil with cheaper oils. In particular, 13C/12C measured using an 
Elemental Analyser – Isotopic Ratio Mass Spectrometer (EA-IRMS) or Gas 
Chromatography/Combustion/Isotopic Ratio Mass Spectrometer (GC/C/IRMS) in bulk 
olive oil or in some sub-components (individual fatty acids or aliphatic alcohols and sterols) 
has been shown to be useful for detecting the adulteration of olive oil with cheaper pomace 
olive oil or with other vegetable oils (Angerosa et al., 1997; Spangenberg et al., 1998). 
Subsequently, stable isotope ratio analysis, in particular 13C/12C in combination with the 
18O/16O of bulk oil, proved to be a good tool for characterising geographical origin. Royer 
and co-workers (1999) studied the 13C/12C of the palmitic, oleic and linoleic fatty acids of 
olive oils, observing differences between French and Italian olive oils as compared to Greek 
oils and obtaining a regional classification of Greek olive oils. Some authors (Bréas et al., 
1998; Angerosa et al., 1999) found that both the 13C/12C and 18O/16O of olive oils from 
Italy, Greece, Spain, Tunisia, Morocco and Turkey change according to latitude, suggesting 
distance from the sea and environmental conditions during the growing of plants (water 
stress, atmospheric moisture and temperature) as co-factors of variability. Finally, 
Aramendia et al. (2007) observed that the 18O/16O values of bulk olive oils were influenced 
by the variety of the olives and by their geographical origin, but not by the altitude, ripening 
degree and harvesting date of olives.  
As compared to other commodities, few studies have been done on the elemental 
composition of olive oils. This situation is due to the high organic load and viscosity and 
Olive oils and related products 
44 
very small mineral content of olive oils, which makes the development of a simple and 
effective preparation method and subsequent analysis of elemental composition difficult. 
Several approaches have been used, such as emulsion in water with the aid of surfactants or 
solvents (Anthemidis et al., 2005; De Souza et al., 2005; Jimenez et al., 2003; Castillo et 
al., 1999), liquid-liquid extraction (Dugo et al., 2004), wet ashing (Lo Coco et al., 2003) 
and total microwave digestion (Zeiner et al., 2005, Benincasa et al., 2007; Cindric et al., 
2007).  
Interest in the elemental composition of olive oils initially focused on the presence of toxic 
elements (e.g. Pb, Cd) and of copper and nickel as catalysts for oxidative reactions affecting 
the flavour and stability of oils (De Souza et al., 2005). In the last few years, studies have 
also been carried out to verify whether the mineral profile could be a useful marker of 
geographical origin, cultivar, harvesting period and adulteration with cheaper vegetable oils 
(Dugo et al., 2004; Benincasa et al., 2007; Cindric et al., 2007).  
To date, no papers are available in the literature regarding the isotopic ratio of hydrogen 
(D/H) in olive oil and no studies have been developed on the use of the combination of the 
two analytical approaches, stable isotope ratios and elemental composition. Furthermore, no 
studies have investigated whether analysis of the stable isotope ratios can distinguish olive 
oil from shark squalene/squalane and thus detect the presence of shark squalene/squalane in 
olive oil based products. 
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SECTION 4.3  
 
 
 
Characterisation of authentic Italian extra virgin olive oils by stable isotope ratios of 
C, O and H and mineral composition 
 
 
 
Camin F., Larcher R., Perini M., Bontempo L., Bertoldi D., Gagliano G., Nicolini G., 
Versini G. 
 
 
 
 Food Chemistry (2010) Vol. 118, No. 4, 901-909  
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Aim 
 
In order to verify the potential use of stable isotope ratios in determining the geographical 
origin of olive oils, around five hundred of authentic PDO and PGI extra virgin olive oils 
produced throughout Italy and officially sampled by the Italian Ministry of Agricultural, 
Food and Forestry Policy, were analysed to establish a yearly databank of isotopic reference 
values, as has been done since 1987 for wine (Regulation 555/2008/EC). In particular 
13C/12C in bulk oil and extracted glycerol and 18O/16O in glycerol were determined in all the 
samples. Moreover, a preparation and analysis method to determine elemental composition 
was developed. Elemental composition, 18O/16O and, for the first time, the D/H in bulk oil 
of around one hundred 2005 extra virgin olive oils were investigated as further markers of 
provenance.  
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Results 
 
δ13Cglycerol and δ13Cbulk were significantly correlated like δ18Oglycerol and δ18Obulk. Thus, as 
their ability to differentiate geographical origin is more or less the same, it would seem 
preferable to measure the isotopic ratios in bulk directly, making savings in terms of time 
and costs. All the isotopic parameters, including the δD of bulk oil, showed a trend for the 
values to increase from Trentino to Sicily in all years. Consequently, the isotopic 
parameters made it possible to distinguish samples from macro areas such as North and 
South Italy, whereas differentiation between oils from Central and South Italy was more 
difficult. 
After development of a suitable method for the preparation and analysis of elemental 
composition, a dataset with elemental profiles was created and validated. The elemental 
composition of samples of some PDOs (e.g. from Trentino and Umbria) showed different 
content for some elements, probably in relation to the different geological characteristics of 
the soil in which the plants are grown. 
These results suggest that further investigations should be carried out on the use of the 
parameters investigated for differentiating samples from areas with different climatic and 
geological characteristics, highlightening the factors affecting them and relations between 
them. 
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SECTION 4.4  
 
 
 
Coast and year effect on H, O and C stable isotope ratios of Tyrrhenian and Adriatic 
Italian olive oils 
 
 
 
Bontempo L., Camin F., Larcher R., Nicolini G., Perini M., Rossmann A. 
 
 
 
Rapid Communications in Mass Spectrometry (2009) Vol. 23, No. 7, 1043–1048  
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Aim 
 
As Italy has a unique morphology and climate, the rainfall along the Tyrrhenian and 
Adriatic coasts originates in different areas. As a consequence of this situation it was 
noticed that the δ18O values of rain samples from the two coasts were different (Longinelli 
and Selmo, 2003; Longinelli et al., 2006). δ18O and δD in fresh water correlate on a 
worldwide scale according to Global Meteoric Water Line – GMWL (relationship (2); 
Craig, 1961), which represents the average of Local Meteoric Water Lines (LMWL) 
differing from the GMWL as a consequence of local climatic and geographical factors 
(Lachniet and Patterson, 2006; Gammons et al., 2006; Njitchoua et al., 1999; Peng et al., 
2004). As the δD and δ18O of vegetable compounds are broadly related to their values in 
ground water, the δD and δ18O of olive oils from the Tyrrhenian and Adriatic coasts should 
reflect the differences found in their rainfall values. This ‘coast’ effect could be useful in 
differentiating of Italian olive oil samples from Central Italy. To verify this, the δD, δ18O 
and δ13C values of around two hundred samples of authentic Italian PDO and PGI extra 
virgin olive oils from the Adriatic and Tyrrhenian coasts collected in three different years 
were determined. The data measured were related with climatic data in order to explain 
their variability. Particular attention was paid to the innovative D/H parameter of bulk olive 
oil, which has not been investigated, with the exception of the previously reported study, 
limited to a single year, and to its relationship with 18O/16O. 
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Results  
 
The δD and δ18O of bulk olive oils were shown to be correlated, as in fresh water, but the 
slope and intercept of the relationships found for the Adriatic and Tyrrhenian coasts were 
significantly different. Highly significant differences were found between years on both the 
Tyrrhenian and Adriatic coasts. Differences in rainfall and humidity seemed to be the 
principal reason for this annual variability, whereas temperature did not appear to be 
influential. Significantly different δD values were found between oils from the Adriatic and 
Tyrrhenian coasts, whereas δ18O was shown to be less significant. The isotopic composition 
of rainfall, along with average temperature and humidity on the two coasts, can explain 
these differences in the oils. 
Development of further studies is desirable in order to explore whether the ability of stable 
isotope ratios and elemental composition to differentiate olive oil provenance, as 
highlighted in these first two exploratory studies, could also be ‘exported’ to areas outside 
Italy. 
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Isotopic and elemental data for tracing the origin of European olive oils 
 
 
 
Camin F., Larcher R., Nicolini G., Bontempo L., Bertoldi D., Perini M., Schlicht C., 
Schellenberg A., Thomas F., Heinrich K., Voerkelius S., Horacek M., Ueckermann H., 
Froeschl H., Wimmer B., Heiss G., Baxter M., Rossmann A., Hoogewerff J. 
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Aim  
 
As stable isotope ratios and elemental composition have been shown to be a promising tool 
for differentiating Italian olive oils in the studies previously presented, it was decided to 
apply the same parameters to the differentiation of authentic olive oils collected at eight 
different European sites with different climatic and geological characteristics. The study 
aimed to examine more closely the relationship of isotopic and elemental parameters with 
geographical, geological and climatic factors and consequently to test their usefulness in 
terms of the geographical differentiation of European olive oils. This ability was also tested 
in relation to the composition of corresponding surface waters. For this purpose, more than 
two hundred European extra virgin olive oils were collected at olive mills following the 
milling of multivarietal olives at eight European sites (Trentino, Tuscany, Sicily, Algarve, 
Carpentras, Barcelona, Chalkidiki and Lakonia). At the same eight sites more than three 
hundred of surface waters were also sampled. Meteorological data on the sites during the 
period of maturation of the olives was obtained from the closest weather station. H, C, and 
O stable isotope ratios and elemental composition were determined in all the olive oil 
samples, H and O isotope ratios and elemental concentration were measured in the fresh 
surface waters. 
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Results 
 
The isotopic ratios of olive oil were shown to be related to geographical and climatic factors 
at the site where the plants were grown. In particular, δ13C and δ18O were significantly 
correlated to latitude, distance from the coast, temperature, relative humidity and the extent 
of precipitation in the five months before harvest, whereas δD correlated with latitude, 
distance from the coast, altitude and temperature. It was possible to characterise the 
geological origin of olive oils by using the content of fourteen elements (Mg, K, Ca, V, Mn, 
Zn, Rb, Sr, Cs, La, Ce, Sm, Eu, U). By combining the three isotopic ratios with the fourteen 
elements and applying multivariate discriminant analysis, good discrimination between 
olive oils from the eight European sites was achieved, with 95% of the samples correctly 
classified into the production site. 
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SECTION 4.6  
 
 
 
Stable isotope ratios of carbon and hydrogen to distinguish olive oil from shark 
squalene-squalane 
 
 
 
Camin F., Bontempo L., Ziller L., Piangiolino C., Morchio G. 
 
 
 
Rapid Communications in Mass Spectrometry (2010) Vol. 24, No. 12, 1810-1816  
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Aim 
 
Up to now it has not been possible to easily differentiate if squalene and squalane derive 
from shark or olive oil, so it is therefore important to develop and validate innovative 
analytical methods able to identify their origin and the presence of shark squalene/squalane 
in olive oil based products. 
In this study stable isotope ratios of carbon and hydrogen of authentic samples of olive oil 
and shark squalene/squalane were investigated in order to verify if they can distinguish the 
two different origins of these compounds and thus detect the illegal presence of shark 
compounds in olive oil based products. 
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Results 
 
13C/12C (expressed as δ13C values) were found to be significantly lower in authentic olive 
oil squalene/squalane (-28.4‰ ± 0.5‰) than in shark squalene/squalane samples (-20.5‰ ± 
0.7‰). D/H analysis is not useful for distinguishing the two different origins. 
By defining δ13C threshold values of -27.4‰ for olive oil squalene/squalane, addition of 
shark products can be identified starting from a minimum of 10%. On the basis of this limit, 
squalane extracted from several commercial cosmetic products was found to have been 
produced from shark liver oil.  
Thus δ13C analysis can be proposed as an official way of detecting whether any batch of 
commercial squalene or squalane and of squalane within cosmetic formulations, has come 
from shark liver or olive oil.  
The proposed method will promote the production of squalene from olive oil and will 
discourage the illegal fishing of deep-sea sharks, contributing towards preserving sharks 
from extinction. 
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CHAPTER 5 CHEESES 
 
 
5.1 INTRODUCTION  
 
As for olive oil, law requires that the origin of PDO/PGI cheeses must be declared on the 
label but does not indicate useful analytical tools to verify the truthfulness of what is 
asserted on the label. At global level, cheese is an important agricultural product. According 
to the Food and Agricultural Organization of the United Nations, over 19 million tons of 
cheese were produced worldwide in 2009 (data provided by FAO, http://faostat.fao.org/). 
The largest cheese producer is the United States, accounting for 25% of world production, 
followed by Germany, France and Italy. With production standing at over 1.1 million tons 
of cheese,  Italy has the largest number of cheeses with PDO and PGI denominations after 
France, (N = 39, data provided by the Italian Ministry of Agricultural, Food and Forestry 
Policy, http://www.politicheagricole.it). In the case of fresh milk and PDO/PGI cheeses, 
both Italian and European law (Ministerial Decree 14th January 2005, Regulation 
510/2006/EC) require indication of the origin of milk and raw materials used for 
manufacture on the label. However, as for olive oil, official methods for analysing cheese 
(Regulation 273/2008/EC) do not provide useful tools able to verify their real geographical 
origin, particularly important in the case of dairy products with special regulatory status or 
commanding a price premium based on their provenance. In order to protect the consumer 
and honest producers from mislabelling, it is necessary to develop objective methods 
capable of discriminating PDO cheeses from cheaper imitation products and which can 
therefore be used to check on the authenticity of products on the market.  
 
 
5.2 STABLE ISOTOPE RATIOS AND ELEMENTAL COMPOSITION OF 
CHEESES  
 
As stable isotope ratios combined with elemental composition have been shown to be a 
powerful tool for characterising olive oil, it was decided to try adopting the same approach 
for the characterisation of different kinds of cheese.  
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Indeed, of the various methods available, analysis of the stable isotope ratios of bioelements 
and elemental composition seems to be most suitable for this purpose (Gonzalvez et al., 
2009). Isotope ratios have been successfully used for identification of the type of diet 
supplied to animals (Camin et al., 2004; Camin et al., 2008; Knobbe et al, 2006; Kornexl et 
al., 1997) and for differentiating products from different countries. In particular, the stable 
isotope ratios of carbon and nitrogen in casein have made it possible to distinguish Pecorino 
produced in Sardinia from that produced in Sicily and Apulia (Manca et al., 2001) and 
buffalo mozzarella originating from two areas in southern Italy (Brescia et al., 2005). 
Together with the stable isotope ratio of other bioelements (S and H in casein and C and O 
in glycerol), this analytical approach also made it possible to separate different European 
cheeses from France, Italy and Spain (Camin et al., 2004) and Peretta cheese from Sardinia 
from competitors’ cheeses produced in northern Europe (Manca et al., 2006).  
The elemental composition of dairy products was first investigated particularly in relation to 
detecting the species of animal providing the milk (Fresno et al., 1995; Benincasa et al., 
2008) or determining specific elements, mainly toxic, introduced to the human diet, with 
the related legal and nutritional implications (Brätter et al., 1998; McKinstry at al., 1999). 
More recently, and with varying degrees of certainty, elemental concentration has also been 
applied to the characterisation of milk and cheese. In particular this made it possible to 
differentiate buffalo mozzarella from two areas of southern Italy (Brescia et al., 2005) and 
Emmental, Edam and caprine cheeses from several European countries (Suhaj and 
Korenovska, 2008). To date, only Pillonel et al. (2003) have used isotopes and elements 
jointly in the dairy sector, specifically to authenticate Emmental-type cheeses produced in 
Switzerland, Germany, France, Austria and Finland. Their very encouraging results showed 
that δ13C, δD and δ15N stable isotope ratios allowed good discrimination between 
geographically distant regions, whereas elemental composition contributed more towards 
distinguishing relatively close regions. 
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SECTION 5.3  
 
 
 
Elemental and isotopic characterisation of typical Italian alpine cheeses  
 
 
 
Bontempo L., Larcher R., Camin F., Hölzl S., Rossmann A., Horn P., Nicolini G. 
 
 
 
International Dairy Journal (in press)  
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Aim 
 
In this study elemental composition, δ13C of casein and glycerol, δ15N and δ34S in casein 
and δ18O in glycerol were determined in cheeses with PDO status or with a PDO 
application underway (Asiago, Fontina, Montasio, Spressa, Puzzone, Toma and Vezzena) 
produced in alpine/pre-alpine Italian regions. The ultimate aim of this work was to 
characterise the kinds of cheese considered, firstly to support requirements for their 
recognition, and then to verify the possibility of creating a traceability model based on 
analytical data which could be used to protect these PDO cheeses from mislabelling and to 
verify the authenticity of commercial cheeses. 
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Results 
 
Both δ13Ccasein and δ13Cglycerol made it possible to estimate maize uptake in the animals’ diet, 
allowing researchers to verify whether the levels established in the PDO production 
protocol were observed. Cheeses produced at higher altitude showed δ18O and δ15N values 
statistically lower as compared to products from lower lying areas. Therefore these 
parameters could be very useful in the differentiation of mountain products. The statistical 
model (Canonical Discriminat Analysis) built on the basis of the most significant analytical 
parameters (Ba, Ca, K, Mg, Rb, δ13Ccasein, δ15Ncasein, δ18Oglycerol) achieved 94 % of product 
type discrimination, 100% in the case of Fontina and Puzzone. Thus this model can be 
proposed as a suitable tool for the detection of mislabelling and for consumer protection, 
demonstrating that such analytical parameters can effectively contribute towards 
distinguishing different kinds of cheese and supporting the demand for or the existence of a 
Protected Designation of Origin. 
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CHAPTER 6 TOMATOES AND DERIVATIVES 
 
 
 
6.1 INTRODUCTION  
 
As previously stated about olive oils and PDO/PGI cheeses, law establishes that the 
geographical origin of fresh tomatoes used in passata production must be declared on the 
label but does not indicate which parameters should be used to establish whether the 
declared origin is truthful.  
After potatoes, the tomato is the second most important vegetable crop in the world. World 
production currently stands at around 141 million tons of fresh fruit produced in 2009 on an 
area of around 5 million hectares (data provided by FAO, http://faostat.fao.org/). 
In recent years the quantity of tomatoes consumed around the world has increased on 
average by 3% yearly (http://www.researchandmarkets.com/reports/c55316), perhaps due to 
the healthy properties ascribed to tomatoes and in particular to some of its components, 
such as lycopene. 
Tomato products are the most popular sauce ingredient for Italians, who use around 550 
million kilograms of them a year (http://www.coldiretti.it). More specifically, each family 
buys on average 31 kg of tomato products a year, preferring peeled tomatoes (12 Kg), 
passata (11 Kg), pulp (5 Kg) and paste (3 Kg) in descending order. This type of product is 
of major importance for the Italian economy, as Italy is the third largest producer of 
tomatoes of paste varieties in the world with around 5 million tons, after the USA (around 
11 million tons) and China (around 6.5 million tons) (data provided by ISMEA, September 
2009 report, http://www.ismea.it), and the biggest exporter of tomato products, to the tune 
of 700 million dollars, according to 2007 figures (data provided by FAO, 
http://faostat.fao.org). However, in the last few years the outlook for the production and 
trading of paste tomato varieties has changed rapidly. In 2008 around 780 thousand tons of 
passata were manufactured in Italy, but only about 436 thousand tons were entirely Italian 
product (data provided by ISMEA, September 2009 report). During the last ten years, 
Italian imports of paste from China have quadrupled (+272 %), becoming the preeminent 
import and during 2010 will reach around 100 million kilograms, representing about 15% 
of Italian fresh tomatoes used for processing. The opportunity of palming off products 
Tomatoes and derivatives 
114 
originating outside the European Community as Italian products leads to a range of 
problems. Firstly the consumer’s purchase is not guaranteed and he has greater difficulty in 
obtaining the genuine product, but above all he is exposed to possible health risks because 
the regulations in countries outside the EU are less restrictive than European regulations. 
This situation also has a negative influence on farmers, who are underpaid for their 
products, seeing a decline of around 10% in 2010. The situation worsens if one considers 
that the Italian tomato industry currently employs about 20 thousand people, including 
around eight thousand farms cultivating tomatoes on 85 thousand hectares of land and 
supplying 173 factories (http://www.coldiretti.it). 
Italian law has intervened in the question of ‘tomatoes’, mainly with the scope of promoting 
food safety and avoiding the detrimental effect of economic fraud on consumers and 
reputable traders.  
The Ministerial Decree 23rd September 2005 of the Italian Ministry of Agricultural, Food 
and Forestry Policy first of all specifies that passata is “a product obtained directly from 
sound ripe fresh tomatoes, having the colour, flavouring and taste characteristics of the fruit 
from which it originates, made by squeezing, possible separation of peels and seeds and 
partial water removal so that the refractometric extract ranges between 5 and 12 Brix 
degrees (±3%) net of added salt”. The same decree indicates the ranges for some parameters 
(total sugar content, pH, Howard Mould Count - HMC, mineral traces,  lactic acid, presence 
of peels and seeds) and the ingredients permitted (salt, acidity regulators, spices, aromatic 
herbs). Finally, the decree establishes that it is not permitted the concentration of tomato 
juice above 12 Brix degrees and its following dilution to obtain reconstituted passata. δ18O 
measurement in vegetal water (UNI ENV 12141 method) is indicated as the official method 
for detecting the fraudulent addition of water. Vegetal water has δ18O values significantly 
higher than those for source water, following isotopic fractionation processes in plants. 
Since 15 June 2006, the geographical origin of the fresh tomatoes used in passata 
production must be declared on the label (Ministerial Decree 17th February 2006). However 
this decree does not establish which parameters should be used to establish whether the 
declared origin is correct. 
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6.2 STABLE ISOTOPE RATIOS AND ELEMENTAL COMPOSITION OF 
TOMATOES  
 
Few papers have been written on the stable isotope ratios of bioelements in tomatoes and 
tomato products. In the last few years consumers have tended to prefer organically produced 
food, which is generally considered to be healthier than conventional products. Therefore 
many studies have been carried out in order to verify this platitude scientifically. Nakano 
and Uehara (2007) found that the δ15N values of tomatoes were similar to those of the 
fertiliser applied for organic fertilisation, while for chemical fertilisers the values were 
between the δ15N values of the fertiliser applied and the soil. The δ15N values of fruit were 
below +3.1‰ for chemical fertilisers and over +8.7‰ for organic fertilisers, so they 
suggested a threshold of around +4‰ to distinguish the two agricultural practices. Schmidt 
and colleagues (2005) measured the δ18O, δ34S, δ13C and δ15N values of tomatoes cultivated 
organically and conventionally. As expected the δ15N values of products from organic 
cultivations were quite high, whereas those of fruit from conventional production were 
relatively low. Furthermore they found that the δ13C values of tomatoes grown in the 
Netherlands were extremely negative. This situation was due to the feeding of CO2 into 
greenhouses, recycled from methane heating plants. Bateman and colleagues (2007) 
reported that the different types of fertilisers commonly used in organic and conventional 
systems result in differences in the nitrogen isotope composition of tomatoes. They found a 
mean δ15N value of 8.1‰ for organically grown tomatoes and a mean value of −0.1‰ for 
those grown conventionally. However the overlap between the δ15N values of the organic 
and conventional datasets suggested that the use of this parameter had some limitations. So 
Kelly and Bateman (2010) combined trace element and nitrogen isotope data and improved 
the correct classification of tomato samples. These results suggested that systematic 
differences in the concentrations of certain elements (Mn, Ca, Cu, Zn) occurred between 
crops cultivated under organic and conventional regimes as a result of the presence of 
elevated levels of arbuscular mycorrhizal fungi (AMF) in ‘organic soils’. 
Other studies focused on the behaviour of stable isotope ratios in the different parts of 
tomato plants or in stressful situations (Choi et al., 1997; Terwilliger et al., 1996). In 
particular Bong and colleagues (2008) proved that δ18O and δD in fast-growing fruits such 
as tomatoes are subject to greater evaporation than in slow-growing fruits (plums and 
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grapes) under the same climatic conditions, maybe because evaporation intensity depends 
on the season during which plants grow more intensively. Kanai and colleagues (2008) 
showed that δ13C and δ15N in tomato fruit have an opposite trend in the case of N-
deficiency. In particular, 13C, fed through the leaf via 13CO2, initially accumulated mostly in 
the fruit but over the course of time receded in the fruit and increased in the leaves and 
other parts of the stem. Nitrogen deficiency did not influence 13C content in fruits. 15N, fed 
through the roots, dislocated preferentially to the leaves and then to the fruit, however 
nitrogen deficiency significantly increased partitioning in favour of the fruit. 
Pfammatter et al. (2004) used δ18O in vegetal water to discriminate tomatoes from five 
different Swiss cantons. The same parameter was useful for differentiating Swiss tomatoes 
from fruits from Belgium, Israel, Spain, the Netherlands, Morocco and Italy. 
Trifirò and colleagues (2007), considered the δ18O of vegetal water in fresh fruits, passata, 
paste and diluted paste, verifying the usefulness of this parameter, statutory according to 
Italian law (Ministerial Decree 23rd September 2005), in detecting the fraudulent addition of 
water during the production of passata. δ18O values increased in tomato products 
concentrated by evaporation and passata showed δ18O values significantly higher than for 
products obtained by dilution of concentrates. 
Many papers have been written on the mineral composition of tomatoes but the topic has 
mainly been investigated from a nutritional point of view. In particular, toxic (Pb, Cd, As, 
Al) and biologically essential (e.g. Ca, Mg, K, P, Cr) elements were determined in tomatoes 
in order to verify mean intake through the human diet (Bosque et al., 1990; Bratakos et al., 
2002; Ekholm et al., 2007; Bronkowska et al., 2008; Demirbas, 2010; Karavoltsos et al., 
2008). As for stable isotope ratios, some studies have focused on differences in the mineral 
composition of organic and conventionally grown tomatoes. Rossi and colleagues (2008) 
compared the heavy metal content of tomatoes grown using conventional, integrated pest 
management (IPM) and organic farming techniques. They found that conventional tomato 
samples showed the lowest contamination levels for Cu and Cd. No significant differences 
in Cd levels were observed between tomatoes grown with IPM systems and those grown 
using organic techniques, whereas higher levels of Cu were found in IPM products. Organic 
samples showed the highest levels of Pb but this situation could be explained by higher 
input of the metal through manure. However, the levels of contaminants detected in this 
study were markedly lower than the maximum limits allowed by law. In two different 
studies, Moral and co-workers (2002) and Cenariu and colleagues (2008) also found that 
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tomato plants cultivated organically generally showed the highest mineral content. 
Specifically, Moral et al. found that there was a higher concentration of Cd in the aerial part 
of tomato plants grown in organic soils than in those cultivated conventionally. Moreover 
the same authors investigated the displacement of Cd in different parts of tomato plant. In 
particular they found that the fruit accumulates lower levels of Cd than other parts of the 
plant. Cd in the fruit of the tomato was one order of magnitude lower than Cd in leaves. 
Gundersen and co-workers (2001) determined the concentration of some major and trace 
elements in tomato fruit grown in three different substrate systems (soil, rockwool irrigated 
with two different nutrient solutions). They found that concentrations of Ca, Cd, Fe, Mn, 
Mo, Na, Ni, Sr, and Zn were also significantly different for tomatoes grown on the different 
substrates. The concentrations of Ca, Cd, Fe, Mn Na, Ni, Sr, Zn Cu, K, Mg, P, Sn, and V 
were significantly different for different harvest times. It is worth noting that the authors 
found a Cd concentration more than 15 times higher and a Ca concentration 50-115% 
higher in soil-grown fruit than in rockwool-grown fruit. 
Finally, a few authors have considered the elemental composition of tomatoes and in one 
case paste for the purposes of characterising them and differentiating products from 
different countries or cultivars (Loiudice et al., 1995; Imhof et al., 2004; Hernandez-Suarez 
et al., 2007; Hernandez-Suarez et al., 2008; Guil-Guerrero and Rebolloso-Fuentes, 2009). 
Imhof and colleagues (2004) investigated the amount of Cd, Pb, Co, Ni, Cu, Zn, Mn, Mo, 
Li, Na, K, Rb, Mg, Ca, Sr, Al and Ba in tomatoes. They were able to distinguish tomatoes 
grown on different substrates (hors-sol, sol and field grown) and from different countries 
(Swiss, Spain and the Netherlands). Hernandez-Suarez and colleagues (2007, 2008) found 
that concentrations of K, Mg, Ca, Na, Fe, Cu, Zn and Mn in tomatoes are affected by many 
factors, such as cultivar, cultivation method, production region and sampling period. 
Finally, LoFeudo and co-workers (2010) were able to discriminate between tomato samples 
cultivated in different Italian areas and between tomato paste samples from different 
countries using elemental composition (Italy, China, Greece, California). 
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SECTION 6.3 
 
 
 
Traceability along the production chain of Italian tomato products on the basis of 
stable isotopes and mineral composition 
 
 
 
Bontempo L., Camin F., Manzocco L., Nicolini G., Wehrens R., Ziller L., Larcher R. 
 
 
 
Rapid Communications in Mass Spectrometry (in press) 
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Aim 
 
The aim of this work was to verify how δ13C, δ15N, δ18O, δ34S, δD and the mineral content 
of tomatoes and derivatives vary along the production chain and secondly, to evaluate their 
usefulness as geographical origin markers independently of the technological process 
applied.  
Specifically, the study determined δ13C, δ15N, δD, δ34S and the δ18O of bulk and δ18O of 
vegetable water, as well as the elemental composition of around three hundred authentic 
Italian samples of tomato, tomato juice, passata and paste officially collected by the Italian 
Ministry of Agricultural, Food and Forestry Policy in Emilia Romagna, Apulia and 
Piedmont. δD and δ18Obulk have never been reported in the literature to date. 
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Results 
 
δD and δ18Obulk values in tomatoes and derivatives were reported for the first time. They 
were shown to be significantly correlated in tomatoes, juice and paste but not in passata. 
The relationships found had an intercept similar to those previously found in Italian olive 
oils (Chapter 4).  
To assess discrimination efficiency in terms of sample origin, multivariate analysis of  the 
whole dataset was carried out, regardless of food processing technology, using discriminant 
analysis adopting the most significative variables (Gd, La, Tl, Eu, Cs, Ni, Cr, Co, δ34S, 
δ
15N, Cd, K, Mg, δ13C, Mo, Rb and U). The model obtained led to over 95% of samples 
being correctly reclassified into the production site in crossvalidation.  
To conclude elemental and isotopic composition can assist with the regional traceability of 
Italian tomato products (tomatoes, juice, passata, paste) and it may be expected that these 
results will lead to the development of an analytical control procedure for checking the 
geographical provenance of tomato products usable in the food industry. 
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CHAPTER 7 CONCLUSIONS 
 
 
In this thesis the usefulness of stable isotope ratios and elemental composition as markers 
for food authenticity was extensively verified.  
Specifically, following the development of a simple and effective preparation method and 
subsequent analysis of elemental composition, the isotopic and elemental composition of 
extra virgin olive oils was investigated. Firstly a dataset with the isotopic values and 
elemental profiles of Italian extra virgin olive oils was created and validated, allowing the 
distinction of some macro areas (mainly North versus South Italy). Verification of a ‘coast 
effect’ in the D/H and 18O/16O values of olive oils from the Adriatic and Tyrrhenian coasts 
made it possible to improve discrimination of samples from Central Italy. The isotope ratios 
and elemental composition of olive oils collected in eight European sites with different 
climatic and geological characteristics (Trentino, Tuscany, Sicily, Algarve, Carpentras, 
Barcelona, Chalkidiki, Lakonia) were shown to be related respectively to geographical and 
climatic factors and to the geological characteristics of the site where the plants were 
grown. The statistical model subsequently developed offered good geographical 
traceability. The model developed could be used to verify the authenticity of commercial 
samples, becoming a tool for ensuring compliance with European law.  
Furthermore, δ13C was shown to be a tool which can be used to distinguish squalene and 
squalane obtained from olive oil from same products obtained from shark liver oil. 
Consequently δ13C analysis can be suggested as an official way of detecting whether any 
batch of commercial squalene or squalane and of squalane within cosmetic formulations has 
come from shark liver or olive oil.  
The same analytical approach applied to seven types of Italian cheese from alpine regions 
(Asiago, Fontina, Montasio, Vezzena, Puzzone, Spressa and Toma), led to the development 
of a statistical model that can be proposed as a suitable tool for detection of mislabelling, 
useful for verifying the authenticity of commercial samples. This approach could be 
particularly helpful in the case of dairy products with special regulatory status, such as PDO 
products, or products commanding a price premium based on their provenance.  
Finally, the usefulness of isotope ratios and elemental composition for the purposes of 
traceability was verified for Italian tomato products (tomatoes, juice, passata and paste) 
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along the production chain. The statistical model developed allowed good differentiation of 
products from Emilia-Romagna, Apulia and Piedmont, independently of the technological 
process they had been subjected to. With a view to the future, once it has been verified that 
the model could be successfully extended to other European and extra-European countries, 
it may be expected that these results will lead to the development of an analytical control 
procedure checking on the geographical provenance of tomato products used in the food 
industry. 
The analytical approach applied throughout this thesis proved to be highly reliable, as it was 
successfully applied to different premium products and in general it was confirmed that the 
isotopic or elemental composition of commodities reflects the geographical, climatic or 
geological composition of the site of provenance. This assumption, rarely verified 
experimentally, is the premise for each traceability study. 
Currently elemental composition and isotope ratios analysis definitely offer one of the most 
promising hypothesis-driven approaches for establishing the authenticity of premium 
products. This is further highlighted by the fact that in the last thirty years some official 
methods have been based on some of these parameters. For example, as adulteration of 
wine through the addition of inexpensive commercial sugars is accompanied by the addition 
of l-malic acid in order to maintain the sugar acid ratio and dilution with water in order to 
maintain appropriate soluble solid concentration, and since the water used to dilute the wine 
is likely to be ground water, this leads to a decrease in the overall 18O/16O ratio of the water 
present in the wine. As a result determination of the δ18O‰ value of wine water is a routine 
test in wine control laboratories and is conducted as one of the European Wine Databank 
procedures (Regulation 555/2008/EC). Moreover, since 1977 the Association of Official 
Analytical Chemists - AOAC has used stable isotope ratios, in particular D/H and 13C/12C, 
as authenticity markers for honey. In particular, the addition of cane or corn syrup to honey 
produces a deviation from the normal ratio between the δ13C‰ values of bulk honey and 
honey proteins (AOAC Official Method 998.12). Finally, very recently, the stable isotope 
ratios of bioelements and the elemental composition were recognised as authentication 
markers for Grana Padano cheese (EC 2009/C 199/11, amendment application pursuant to 
510/2006/EC Regulation). 
Furthermore, in the last few years stable isotope ratios and elemental composition have 
begun to be successfully applied to fields other than food authentication. In particular, 
stable isotope ratios can be used in paleoclimatology to reconstruct past environmental 
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changes. For example, δ18O values of foraminifera shells, that can constitute sediments of 
sea bed, vary according to temperature and δ18O of water. Thus it is possible to select 
standard species of forminifera from sections through the sediment column, and by 
mapping the variation in oxygen isotopic ratio, deduce the temperature that the forminifera 
encountered during life. In forensic science, research suggests that the variations in certain 
isotope ratios in drugs derived from plant sources (e.g. cannabis, cocaine) can be used to 
determine the drug's continent of origin, whereas the elemental composition of particles and 
deformed bullets found at the crime scene can be compared with the elemental fingerprints 
of bullets found on suspects. 
Despite the high potential of stable isotope ratios and elemental composition, it is important 
to mention some common limits and reservations that were highlighted during the drawing 
up of this thesis. Firstly, rapid profiling (screening) techniques (e.g. H NMR) and classical 
parameters (e.g. concentration of specific organic compounds) should be not overlooked, as 
they often provide invaluable additional information assisting with interpretation or 
allowing a preselection of samples for isotopic or elemental analysis. For example, the 
concentration of β-carotene in dairy products indicates whether the milk used in production 
was collected during periods of pasture feeding, ensuring that appropriate meteorological 
data is applied in the interpretation of δ18O and δD data.  
Therefore these analytical approaches are based on a database, in which the number of 
analysed samples has to be sufficient to truly reflect commercial samples. 
Furthermore, it is extremely important to evaluate the accuracy and precision of the 
measurements in order to verify whether the differences found can be deemed to be 
statistically significant or not. This issue is especially important if the database is to be 
developed on an European scale for the purposes of enforcement, as in the case of the wine 
databank. In this case long-term reproducibility is also of paramount importance. 
Finally, in the longer term, it is to be hoped that a greater understanding of how 
meteorological and geochemical signatures are transferred to premium products may reduce 
the need for expensive comparative databases of authentic commodities. Ultimately, this 
would allow the generation of isotopic and multi-element ‘maps’ for foods from different 
geographical locations, which could be incorporated into traceability systems.  
Overcoming the need for comparative databases in food provenance determination will be 
the next extremely challenging task. 
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all’Adige (Trento) 
Type of business or sector Developing of methods for the analysis of stable isotope ratios of 
bioelements in several matrices. Application of isotopic analysis to food, 
aimed at characterising geographical origin and controlling and 
protecting quality and authenticity. Extension of the application field of 
stable isotope analysis towards research topics in other core fields of 
the Centre, such as limnology (hydrological dynamics), ecology (trophic 
relationships, degradation kinetics) and climate change (e.g. impact in 
isotopic composition of tree rings).  
  
Research awards and fellowships 
  
April 2010 Selection of the paper 'Stable isotope ratios of C and H to distinguish 
olive oil from shark squalene-squalane' to take part in the article-level 
PR program for Rapid Communications in Mass Spectrometry 
12/06/2008 Award for the originality and validity of the scientific research at the 
First National Dairy Congress, Milan 
25/04/2008 Award for the second best poster at the congress ‘Lost without TRACE’, 
Torremolinos Spain 
  
Positions of responsibility and achievements 
  
2000-2004 Regional project MIROP, Metodi innovativi di 
rintracciabilità di origine e di processo a tutela di 
produzioni lattiero-casearie tipiche locali, funded by 
Provincia Autonoma di Trento; fellowship for FEM 
2005-2009 FP6 European project TRACE, Tracing the origin of food, N°FP6-2003-
FOOD-2-A 006942; fellowship from 2005 to 2006 and then involved 
researcher for FEM 
2006-2009 National project BIOMARKERS, New Markers for characterisation of 
organic fruits, DM 91461/06-09-2005, funded by Italian Ministry of 
Food, Agriculture and Forestry; involved researcher for FEM 
2006-2010 
2010-2013   
Project for the traceability of the Grana Padano cheese, funded by the 
Consortium for the protection of Grana Padano cheese; involved 
researcher for FEM 
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2007-2008 National project ‘Qualità, percezione della qualità e tracciabilità del 
prodotto nei sistemi ovini da carne’, funded by Ministero dell'Istruzione, 
dell'Università e della Ricerca; principal investigator for FEM  
2006-2009 National project ProAlpe, ‘I terroir delle Alpi per la caratterizzazione e la 
difesa delle produzioni casearie d’alpeggio’, funded by Ministero 
dell'Istruzione, dell'Università e della Ricerca; principal investigator for 
FEM 
2008-2009 Project for the traceability of the Parmigiano Reggiano cheese, funded 
by the Regione Emilia Romagna; involved researcher for FEM 
2007-2010 Collaboration with Italian Ministry of Food, Agriculture and Forestry for 
the creation and validation of isotopic databanks concerning several 
commodities and verification of authenticity of commercial products; 
involved researcher for FEM 
Invited lecturers and seminars 
  
04/10/2007 Bontempo L. ‘Caratterizzazione  dei prodotti biologici e tracciabilità dei 
prodotti alimentari’, Thermo Congress, Milan. 
17/04/2008 Bontempo L. ‘Analisi isotopiche per la caratterizzazione di carne e 
prodotti lattiero-caseari’, Autenticità e tracciabilità degli alimenti 
mediante tecniche chimico-fisiche, Università Cattolica del Sacro Cuore, 
Piacenza. 
03/11/2009 Bontempo L. ‘Isotopic and elemental data for tracing the origin of 
European olive oils’, Workshop on determining the geographical origin 
of food: TRACE elements and isotopic patterns in food verification, 
Prague. 
19-20/10/2010 Bontempo L. ‘Rapporti tra isotopi stabili di bioelementi’, Terroir delle 
Alpi per la caratterizzazione e la difesa delle produzioni casearie 
d’alpeggio, Torino 
  
Publications 
  
ISI papers 
1 Nicolini, G., Larcher, R., Pangrazzi, P., Bontempo L. (2004). Changes in 
the contents of micro- and trace-elements in wine due to winemaking 
treatments. Vitis - Journal of Grapevine Research, 43: 41-45. 
2 Camin F., Bontempo L., Heinrich K., Horacek K., Kelly S.D., Schlicht C., 
Thomas F., Monahan F., Hoogewerff J., Rossman A. (2007). Multi-
element (H,C,N,S) stable isotope characteristics of lamb meat from 
different European regions. Analytical & Bioanalytical Chemistry, 389: 
309-320. DOI 10.1007/s00216-007-1302-3 
3 Camin F., Perini M., Colombari G., Bontempo L., Versini G. (2008). 
Influence of dietary composition on the carbon, nitrogen, oxygen and 
hydrogen stable isotope ratios of milk. Rapid Communications in Mass 
Spectrometry, 22: 1690-1696. DOI: 10.1002/rcm.3506 
4 Bontempo L., Camin F., Larcher R., Nicolini G., Perini M., Rossmann A. 
(2009). Discrimination of Tyrrenian and Adriatic Italian olive oils using H, 
O, and C stable isotope ratios. Rapid Communications in Mass 
Spectrometry, 23: 1043-1048. DOI: 10.1002/rcm.3968  
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5 Perini M., Camin F., Bontempo L., Rossmann A., Piasentier E. (2009). 
Multielement (H, C, N, O, S) stable isotope characteristics of lamb meat 
from different Italian regions. Rapid Communications in Mass 
Spectrometry, 23:2573-2585. DOI: 10.1002/rcm.4140 
6 Camin F., Larcher R., Perini M., Bontempo L., Bertoldi D., Gagliano G., 
Nicolini G., Versini G. (2010). Characterisation of authentic Italian extra-
virgin olive oils by stable isotope ratios of C, O and H and mineral 
composition. Food chemistry, 118: 901–909. 
DOI:10.1016/j.foodchem.2008.04.059 
7 Camin F., Larcher R., Nicolini G., Bontempo L., Bertoldi D., Perini M., 
Schlicht C, Schellenberg A., Thomas F., Heinrich K., Voerkelius S., 
Horacek M., Ueckermann E, Froeschl H., Wimmer B., Heiss G., Baxter 
M., Rossmann A., Hoogewerff J. (2010). Isotopic and elemental data for 
tracing the origin of European olive oils. Journal of Agricultural and Food 
Chemistry, 58, 570–577. DOI: 10.1021/jf902814s.  
8 Schellenberg A., Chmielus S., Schlicht C., Camin F., Perini M., Bontempo 
L., Heinrich K., Kelly S.D., Rossmann A., Thomas F., Jamin E., Horacek M. 
(2010). Multielement Stable Isotope Ratios (H, C, N, S) of Honey from 
different European Regions. Food Chemistry, 121, 770-777. 
DOI:10.1016/j.foodchem.2009.12.082  
9 Camin F., Bontempo L., Ziller L., Piangiolino C., Morchio G. (2010). Stable 
isotope ratios of C and H to distinguish olive oil from shark squalene-
squalane. Rapid Communications in Mass Spectrometry, 24, 1810–1816. 
DOI: 10.1002/rcm.4581  
10 Camin F., Perini M, Bontempo L., Fabroni S., Faedi W., Magnani S., 
Tabillio M.R., Musmeci S., Rossmann A., Kelly S., Rapisarda P. (2011). 
Potential isotopic and chimical markers for characterising organic fruits. 
Food Chemistry, 125, 1072–1082. DOI:10.1016/j.foodchem.2010.09.081  
11 Bontempo L., Camin F., Manzocco L., Nicolini G., Wehrens R., Ziller L., 
Larcher R.. Traceability along the production chain of Italian tomato 
products on the basis of stable isotopes and mineral composition. Rapid 
Communications in Mass Spectrometry. DOI:10.1002/rcm.4935. (In 
press) 
12 Bertoldi D., Bontempo L., Larcher R., Nicolini G., Voerkelius S., Lorenz 
G.D., Ueckermann H., Froeschl H., Baxter M.J., Hoogewerff J., Brereton 
P. Survey of the chemical composition of 571 European bottled mineral 
waters. Journal of Food Composition and Analysis. 
DOI:10.1016/j.jfca.2010.07.005. (In press) 
13 Goitom-Asfaha D., Quétel C., Thomas F., Horacek M., Wimmer B., Heiss 
G., Dekant C., Deters-Itzelsberger P., Hoelzl S., Rummel S., Brach-Papa 
C., Van-Bocxstaele M., Jamin E., Baxter M., Heinrich K., Bertoldi D., 
Bontempo L., Camin F., Larcher R., Perini M., Kelly S., Rossmann A., 
Schellenberg A., Schlicht C., Froeschl H., Hoogewerff J., Ueckermann H. 
Combining isotopic signatures of n(87Sr)/n(86Sr) and light stable 
elements (C, N, O, S) with multi-elemental profiling for the 
authentication of provenance of European cereal samples. Journal of 
Cereal Science. DOI:10.1016/j.jcs.2010.11.004. (In press) 
14 Bontempo L., Larcher R., Camin F., Hoelzl S., Rossmann A., Nicolini G. 
Elemental and isotopic characterisation of typical Italian alpine cheeses. 
International Dairy Journal.  DOI:10.1016/j.idairyj.2011.01.009. (In 
press)  
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Not ISI papers 
1 Nicolini G., Larcher R., Bontempo L. (2003). Composizione di base e 
profilo minerale di spumanti classici italiani. L'Enologo, 39: 111-115. 
2 Nicolini G., Larcher R., Bontempo L. (2003). Caratterizzazione della 
composizione di base e del contenuto di elementi in micro-quantità ed 
in tracce in spumanti italiani elaborati con il metodo classico. Rivista di 
Viticoltura ed Enologia, 56: 29-44. 
3 Nicolini G., Larcher R., Bontempo L. (2004). Micro- and trace-element 
composition of tannins used in winemaking. Journal of Commodity 
Science, 43: 21-29. 
4 Poznanski E., Cavazza A., Schiavon S., Camin F., Gasperi F., Fasoli S., 
Framondino V., Bontempo L., Carlin S., Nicolini G., Larcher R., Biasioli F., 
Versini G. (2004). L’irripetibilità di un formaggio. Nostrani a confronto. 
Caseus, 9: 4-7. 
5 Larcher R., Nicolini G., Pangrazzi P., Bontempo L., Russo S., Stocchetti R., 
Versini G., Magno F. (2006). Microelements and wine. Vignevini, 33: 
108-114. 
6 Bagnaresi P., Moschella A., Camin F., Bontempo L., Perini M., Parisi B., 
Ranalli P. (2007). Identificazione di marker bio-molecolari e metabolici 
specifici per la tracciabilità delle filiere biologiche di barbabietola da 
zucchero e pomodoro da industria. Agroindustria, 6: 145-152. 
7 Colombari G., Zapparoli G.A., Araldi F., Migliorati L., Buttasi C., Perini M., 
Bontempo L., Camin F. (2008). Influenza di dosi crescenti di Zea mays sui 
rapporti isotopici di carbonio e azoto di razioni unifeed e latte. Scienza e 
tecnica lattiero-casearia, 59: 97-112. 
8 Bontempo L., Camin F., Perini M. (2008). Characterising natural tomato 
passata by means of the isotopic ratio of oxygen. Annual report IASMA 
Research Centre, 29. 
9 Camin F., Bontempo L., Perini M. (2008). Chemical analytical strategies 
to protect and promote organic commodities. Annual report IASMA 
Research Centre, 21-22. 
10 Camin F., Larcher R., Bontempo L., Perini M., Bertoldi D. , Nicolini G. 
(2009). Geographical traceability of Italian and European extra-virgin 
olive oils. Annual report IASMA Research Centre, (2008): 21-22. 
11 Camin F., Perini M., Bontempo L., Giongo L. (2009). Multi-element (H, C, 
N, O) stable isotope characterization of blueberries. In: IX International 
vaccinium symposium: Corvallis, Oregon, July 13-16, 2008 (editor K.E. 
Hummer). Leuven: ISHS. (Acta Horticulturae 810). 2: 697-704. ISBN: 978-
90-66057-41-8 
12 Giongo L., Vrhovsek U., Gasperi F., Endrizzi I., Palmieri L., Saviane A., 
Merola S., Camin F., Perini M., Bontempo L., Danek I., Krol K., Mladin P., 
Mattivi F. (2009). A three-year highbush blueberry survey in different 
European locations for the fresh and processing markets. In: IX 
International vaccinium symposium: Corvallis, Oregon, July 13-16, 2008 
(editor K.E. Hummer). Leuven: ISHS. (Acta Horticulturae 810). 2: 887-
894. ISBN: 978-90-66057-41-8 
13 Camin F., Larcher R., Bontempo L., Perini M., Bertoldi D., Nicolini G. 
(2009). Geographical traceability of Italian and European extra-virgin 
olive oils. Annual report IASMA Research Centre, (2008): 21-22. 
 
